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SECTION   I 

INTRODUCTION 

Turbine engine  fuels are complex hydrocarbon mixtures 
normally derived  from organic feedstocks  such as petroleum. 
Typical jet fuels are extremely complicated,   as  they contain 
between 102 and  10^  different chemical  compounds.     Although such 
a fuel may consist primarily of normal  paraffins,  branched paraf- 
fins ,    and aromatic  hydrocarbon compounds,   it will also contain 
small quantities of organic substances that fall  into several 
chemical classes.     Many of these low-concentration compounds can 
have a profound effect on certain properties of  a fuel.     In view 
of this extreme  chemical  complexity,  the thorough chemical 
characterization of  such hydrocarbon mixtures requires highly 
sophisticated analytical  capabilities. 

Recently,   concern has increased for the development of 
alternate hydrocarbon energy sources to  serve  as basic feedstocks 
for the eventual production of high-quality turbine engine fuels. 
Oil shale deposits  represent some of the most promising hydro- 
carbon sources  in the United States,  and there  is considerable 
interest in developing full-scale processes for generating 
abundant quantities of  shale oil.     Eventually  jet fuels derived 
from shale oil must be  comparable and  compatible with jet  fuels 
obtained from petroleum-based feedstocks. 

High-resolution gas chromatography   (KRGC)   is the major 
analytical technique for  separating and analyzing complex mixtures 
of volatile hydrocarbons.     Although gas chromatography was  intro- 
duced commercially  in the middle  1950's,   this basic analytical 
technique  is currently experiencing expanded application, 
particularly with respect to separating complex organic mixtures. 
In the past few years,   HRGC has been used to achieve enhanced 
analytical  separations  and to obtain more descriptive analyses 
of various organic mixtures. 
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The chemical complexity of a turbine engine fuel continues 

to challenge even the most sophisticated of the present HRGC 

techniques.  However, advances are continually being made in 

this technology, and a variety of procedures are being researched 

for improving the various Chromatographie characterization methods 

as applied to the detailed analysis of jet fuels. 
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SECTION  II 

RESEARCH  OBJECTIVES 

The primary objectives of  this research are  to  identify 

and evaluate advanced  high-resolution gas Chromatographie   (HRGC) 

instrumental procedures which  show potential   for  improving the 

analysis of hydrocarbon  jet  fuels and various  feedstocks.     This 

research concentrated on  the  following essential  objectives: 

1. Evaluate the performance of commercial  high- 
resolution gas  chroraatography  instrumentation 
presently used   in   the Fuels  Branch  of   the  Fuels 
and  Lubrication  Division  of   the  Aero  Propulsion 
Laboratory  at  the Air Force Wright  Aeronautical 
Laboratories,   located  at Wriqht-Patterson 
Air Force Base.     Recommend Chromatographie 
components,   equipment,   or procedural modifica- 
tions which will permit continual expansion of 
these analytical capabilities. 

2. After evaluating the range of  analytical 
requirements,   recommend,   specify,   or  fabri- 
cate a  series  of open tubular gas  Chromatographie 
separation columns  that would be most  applicable 
for chromatographically analyzing  hydrocarbon 
fuels and  associated  shale oil products.     Consider 
the  application of   special-purpose  HRGC columns 
for conducting  trace  analyses with certain 
types of  fuels. 

3. Identify and quantitatively evaluate  the various 
sources which contribute to Chromatographie 
output  zone  profile  asymmetry,   commonly referred 
to as elation  peak  tailing.     After  characterizing 
the various  potential  sources,   recommend pro- 
cedures for appropriately installing open 
tubular gas  Chromatographie   (GC)   columns  in GC 



instruments,     such optimized installations 
should minimize  asymmetric  elution behavior 
and other Chromatographie  output signal dis- 
tortions in conventional  column arrangements 
and in special column  installations  such as 
capillary effluent splitters. 

4. Investigate the various  sample injection 
procedures currently used  ^or injecting 
undiluted complex samples   into capillary 
columns.     Determine the best available auto- 
mated technique  for  injecting hydrocarbon fuels 
into high-resolution GC columns.    Determine the 
parameters which affect the linearity of  split 
reproducibility of this particular injection 
technique.     Assess possible modifications to 
improve sample injection performance. 

5. Evaluate the application of the Kovats retention 
index system to the various gas Chromatographie 
operational modes,  such as isothermal gas 
chromatography  (ITGC) ,  programmed temperature 
gas chromatography   (PTGC) ,   and variations thereof, 
Through the use of time normalization procedures, 
recommend appropriate GC conditions  for obtaining 
the greatest amount of analytical GC data in a 
given time  for highly complex samples, 

6. Study the potential benefits of multidimensional 
gas Chromatographie  techniques for analysis of 
complex hydrocarbon mixtures.     Identify the 
design and operational  features which should be 
included in an instrumentation assembly that 
would be dedicated to  the multidimensional gas 
Chromatographie analysis  of jet fuels. 



SECTION III 

BACKGROUND 

1. JET FUELS 

For the past several decades, practically all aviation 

turbine fuels have been obtained from petroleum-based feedstocks. 

These jet fuels, produced in very large quantities at petroleum 

refineries, have consisted essentially of complex mixtures of 

petroleum-derived hydrocarbons. 

The physical and chemical properties of jet fuels have 

frequently been described in military specifications (e.g., 

MIL-T-5624 [1] and its revision) .  Typically, petroleum. 

based jet fuels have had to meet requirements relative to distil- 
lation, density, surface tension, viscosity, resistance to 

formation of gum deposits, and limitations with respect to 

sulfur content, particulate matter, and acidity.  These fuels 

have also had to conform to vapor pressure, heat of combustion, 

flame luminescence, thermal stability, freezepoint, flashpoint, 

and smoke point criteria.  In addition, these various jet fuels 

have been required to meet specification requirements relative 

to filtration time, the ability to separate water out of the 

fuel, and chemical requirements with respect to aromatic and 

olefinic content.  Recently, there has been increased interest 

in combustion and the possible formation of pollutants in jet 

engine exhaust [2,3] .  Accordingly, basic studies are being 

conducted on the formation of soot and polycylic aromatic hydro- 

carbons during combustion of gas turbine fuels. 

2. SHALE OIL AND SYNFUELS 

In  the 1970's,   increased attention was directed toward 
obtaining  hydrocarbon fuels  from nonpetroleum feedstocks   [4] , 
specifically,   interest  focused  on obtaining acceptable  fuels from 
coal,   oil   shale deposits,   tar  sands,   and various  forms of  biomass. 
Indeed,   the cumulative energy stored in these various  synthetic 



fuel   (synfuel)   sources is enormous.     Fortunately,  the United 

States has very large deposits of coal and oil shale. 

The  feasibility of producing  jet  fuels  from shale  oil   has 

already been demonstrated   [5,6].     This particular synfuel  source 

is promising   [7,8]   as many processes  are  being developed  for 

extracting hydrocarbons from our  vast oil   shale deposits,   such 

as  those  in the Green River  formation  in  Colorado,   Utah,   and Wyoming. 

It has been estimated that these  particular deposits could 

yield over  600  billion barrels of  shale oil.     Other  large oil 

shale deposits  in the United States  and  in Europe are also  seen 

as  future  sources of energy and  hydrocarbon feedstocks. 

Different shale oil materials  are now being analyzed and 

characterized.     The U.S.  National  Bureau  of Standards now 

provides  a  standard reference sample  of  shale oil,  thus permitting 

development of analytical procedures which can be readily 

evaluated,   tested,   and compared  in different laboratories. 

3. THE  ROLE  OF  CHROMATOGRAPHY 

Chromatography plays a major role  in  fuel characterization, 

Chromatographie  techniques were  applied  in  the latter 1950's  for 

characterizing gasolines,  kerosines,   and  the various  jet  fuels 

of that day.     However,   there has  been a tremendous  increase  in 

the analytical  capability of the  various  Chromatographie  tech- 

niques.     Today,   both gas chromatography and liquid chromatography 

are used  to characterize petroleum feedstocks,   shale oils   [9], 

kerosines,   gasolines,  and jet fuels.     Even  so,  it is fair to  say 

that the  extreme chemical complexity of these hydrocarbon 

mixtures  still  requires greater Chromatographie separation 

than is possible by existing high-resolution Chromatographie 

techniques.     Thus,   chromatography  is  a very active area  of 

instrumental  analysis research,   advances  are being made,   and 

the future  is  promising for obtaining  highly sophisticated 

analyses of these  organic mixtures. 



In  efforts directed at  reducing  sample complexity,   high- 
performance  liquid chromatography   (HPLC)   is  frequently used  to 
separate  the very complex organic mixtures into families  of 
compounds   [10,11],   thereby  simplifying  the eventual  analysis 
of the various  classified fractions   [12] , 

High-resolution gas  chromatography   (HRGC)   is the major 
tool  for  obtaining the  separation and  Chromatographie  characteri- 
zation of the  individual compounds  in  these chemical mixtures. 
HRGC,   with its  application to the analysis of  jet  fuels  and 
various  shale  oil  samples,   is the  subject of this research report, 



SECTION  IV 

APPROACH  TO  HIGH-RESOLUTION  GAS 
CHROMATOGRAPHIC  INSTRUMENTATION  SYSTEMS 

A gas  Chromatograph can be viewed   as an  assembly of  indi- 

vidual  components  arranged to form a  casual,   time-invariant, 

linear  system   [13].     Therefore,   a  systeni.s  approach is used 

in this investigation  to study,   design,   and modify high- 

resolution gas chromatography   (HRGC)   instrumentation.     It is 

especially beneficial  that a gas Chromatograph can be represented 

as a linear  system,   since this permits  the detailed characteri- 

zation of  Chromatographie  zone migration. 

1. SYMMETRICAL  ELUTION  PROFILES 

The Chromatographie analysis of  a   complex organic mixture 

requires  a  system capable of efficient  quantitative transport of 

the various   solute molecules admitted  to  the   system.     Such 

instrumentation must  be capable  of efficiently migrating  the 

various  solutes,   and  it must permit  the  accompanying zone dis- 

persion of the migrating  species  to  be  strictly random in nature. 

A concentration  zone of like molecules  emerging from a gas 

Chromatograph should  theoretically be distributed in time as 

described  in Figure  1,     This concentration versus time profile 

is known  as  a Gaussian density distribution   (see Abbreviations  and 

Symbols  for  term designations) .     The  unbiased  migration of  like   species 

through a  long Chromatographie column will  indeed correspond 

very closely to  this  Gaussian profile. 

In HRGC,   it  is  very important  that  the  Chromatographie 

system be  capable  of  generating   symmetrical Gaussian elution 

profiles.     As can  be   seen in Figure   2,   the crest region of  the 

solute  zone  is  important to establishing  the   identity of  the 

emerging  solutes.     The  leading and  lagging regions at the 

base of the  profiles  are also of key  importance  to establishing 

the baseline,   i.e.,   the analytical  zero  reference level.     This 

baseline permits  both  peak height and  integrated zone profile 



Figure 1.  Gaussian gas Chromatographie elution zone, 
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data to be obtained,  thereby establishing  the basis for the 
quantitative determination of the  species   in question. 

If the Chromatographie system generates  profiles that 
depart significantly from the Gaussian profile,   significant 
errors can be introduced  into both the qualitative analysis and 
the gas Chromatographie  quantitation.      (This  topic will be 
dealt v/ith at length in  Sections VI  and VII.     Also,  Appendices 
A and B address,in  part,   this same topic.) 

In the HRGC of the future,   it will  be of paramount 
importance that each pertinent component of the  entire Chromato- 
graphie  system be designed for delivering  symmetrical elution 
profiles.     Schomberg,   in his recent review of open tubular 
column   (OTC)   gas chromatography   [14] ,   stated  that  improving 
elution peak tailing behavior in HRGC columns  is more important 
than increasing  separation efficiency.     This  is valid;  unless 
the Chromatographie  system is capable of generating symmetrical 
profiles,  a mere  increase  in Chromatographie  efficiency is 
superfluous.  In  short,   the gains  from increasing the number of 
theoretical plates  can be easily lost due  to elution profile 
asymmetry or assorted forms of exponential  peak tailing. 

The first objective in Chromatographie  analysis is to 
obtain Chromatographie  separation of the chemical constituents. 
In other words,   one must adequately disengage  the  solute  zones. 
Once two adjacent   solute  zones have been  sufficiently disengaged, 
they can be quantitatively measured.     If  their time of elution 
relative to standard substances is known,   a certain measure 
of qualitative  interpretation can be applied. 

Figure  3   shows  the partial  disengagement of two Chromato- 
graphie zones,   one  containing compound  i  and the other contain- 
ing compound  j.     As  seen  in this  illustration,   these are  two 
partially separated  zones of Gaussian profile.     The primary 
Chromatographie  objective is to obtain  sufficient resolution 

[15,16]   between  these  two characteristic   zones  so that the 
subsequent analysis can  be accurate   [17] . 

11 
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2. SYSTEMS  APPROACH 

In a continuous process  such as chromatography,   the HRGC 

instrument can be viewed  as a  series of  instrumental   stations. 

Figure  4a  shows that  study and characterization of the  sequential 

transport behavior can take place as the  saipple  passes  through 

the  series of  stations.     This basic  systems  approach   [18]   has 

been applied to other  studies   [19-21]   where  a  gas Chromato- 

graph has been the central member in extended  instrumentation 

systems.     Figure  4(b)   is  a  single block diagram depicting such 

systems.     This approach permits  one to view  HRGC  instrumentation 

as a series of components or operational  processes arranged 

sequentially as shown  in Figure  4(c),   which  exemplifies  the 

systems approach to chromatography addressed  in  this  report. 

In  the various  basic  forms of column  chromatography,  the 

major component in the  instrumentation assembly  is the  separation 

column.     Accordingly,   the behavior of  Chromatographie  separation 

columns has been  studied a great deal.     Even  so,   in many cases 

the excellent behavior of a high-quality Chromatographie column 

can be  seriously compromised if  the column  is not properly 

positioned in the Chromatographie  instrument.     This  situation  is 

especially common  in  the  field of HRGC where many precolumn and 

postcolumn  sources of distortion can seriously affect the eventual 

Chromatographie output performance.*   These  potential  distortion 

sources must be  studied  and thoroughly characterized  to obtain 

the ultimate performance  from the Chromatographie  instrumentation. 

Here again,  the systems  approach is of considerable value in 

diagnosing and evaluating  these  possible  distortion  sources. 

♦Throughout this discussion,  we make  the assumption that a migrating solute 
zone experiences no  thermolysis,   chemical reactions,   or various other types 
of chemical degradation during the course of its  traverse through the HRGC 
flowpath.     Also,  spurious  elution profiles have been observed as  a result 
of decomposition or oxidation of the  stationary phase,   particularly at  the 
inlet region where  sample  residues can catalyze decomposition.     Both of 
these types of observed behaviors are unacceptable  Chromatographie proce- 
dures as  they violate  quantitative  transport criteria. 

13 
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Figure 5 shows three general forms of zone profiles which 

can be intentionally or inadvertently generated in gas chromato- 

graphy.  These three types of profiles (i.e., R, G, and E) can be 

individually generated in precolumn components, in Chromatographie 

separation columns, and in various postcolumn components and 

instrumentation (see Figure 6).  The number of possible combina- 

tions, permutations, or arrangements into which these three 

different profiles can be expressed is worth investigating. 

Accordingly, a permutation of n things taken r at a time with 

repetitions is an arrangement obtained by putting any member of 

the set in the first position, any member of the set, including 

a repetition of the one just used, in the second, and continuing 

this until there are r positions filled.  The total number of 

such permutations or arrangements is 

PA = nr . 

Consequently, for the three profiles shown in Figure 5, it is 

possible to obtain 27 different combinations for a basic gas 

Chromatographie system.  Fortunately, the elution zone contour 

that results from combinations of these three basic profiles 

(and other possible distributions) can be expressed mathematically. 

This topic is discussed further in Section VI and in the 

Appendices to this report. 

In the early days of gas chromatography, when the analyst 

wanted to accomplish a certain difficult Chromatographie 

separation, one option was to change the Chromatographie 

stationary phase employed in his instrument.  However, with HRGC, 

the arsenal of separation columns containing a large assortment 

of stationary phases is not needed.  Six well-chosen chemically 

bonded stationary phases (see Table 1) would probably be suitable 

for the vase majority of separations encountered in the HRGC 

laboratory [22]. 
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Figure 5.     Three general  forms of Chromatographie  zone 
profiles. 
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TABLE  1 

ASSORTMENT OF   SELECTIVE  STATIONARY  PHASES 

Description Polarity 

Dimethyl silicone 

5% phenyl methyl 
silicone* 

50% phenyl methyl 
silicone 

Polyethylene glycol 

Cyanopropyl silicone 

Trifluoropropyl 
methyl silicone 

non-polar 

slightly polar 

moderately polar 

polar 

moderately polar** 

moderately polar** 

*High temperature phase  that is a substitute  for 
the diethylene glycol  succinate phase  from earlier 
listing   [22]. 

**Special   functional  group phase. 
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The capabilities of HRGC have also been enhanced by recent 

advances in high-performance liquid chromatography (HPLC).  This 

technique can be used to obtain preseparations or as a process 

by which a very complex hydrocarbon mixture can be fractionated 

and classified according to families of chemical compounds prior 

to injection into a HRGC instrument.  In short, this is a process 

for simplifying the subsequent high-resolution Chromatographie 

separations. 

JP-4 jet fuel has an initial boiling point of approximately 

20oC, and the heaviest species in this hydrocarbon fuel will 

probably boil at temperatures somewhat less than 300oC.  A 

typical JP-4 fuel may contain carbon numbers ranging from C4 to 

C16.  However, an unfractionated shale oil may contain carbon 

numbers ranging from C4 to C34.  For samples with such a broad 

range of constituent volatilities, the GC technique of programmed 

temperature gas chromatography (PTGC) is imperative.  This 

technique has received considerable attention relative to separating 

organic mixtures which possess a wide range of molecular weights, 

and it has unique and beneficial operational aspects.  For 

example, it is able to thermally focus the injected sample into 

a short segment of the column and then to differentially migrate 

the sample through the long gas Chromatographie flowpath.  This 

thermal focusing feature and several associated aspects are 

especially beneficial to instrumental analysis systems.  More 

benefits of PTGC are discussed in Volume II of this report. 
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SECTION V 

BRIEF DISCUSSION OF SAMPLE INSERTION 

The injection of a highly complex and broad-molecular- 

weight-range organic sample, e.g., jet fuel, shale oil, crude 

oil, etc., presents special problems with respect to high- 

resolution gas Chromatographie (HRGC) analysis. This type of 

organic mixture should not be placed in a solvent and then 

subjected to analysis, since any solvent (along with its 

impurities) would interfere and seriously mask sample constituents. 

In short, to obtain maximum analytical information, the Chromato- 

graphie analysis of an unfractionated complex hydrocarbon fuel 

should be conducted in its undiluted form, although this require- 

ment places special demands upon present HRGC instrumentation. 

At present, the largest sample that a typical OTC can 

accept without overloading is approximately 0.01 microliters of 

liquid,  and this would apply only for a very complex wide- 

boiling-range sample which contains few prevailing constit- 

uents .  There are at present no liquid microliter syringes that 

can repetitively deliver such a small quantity of liquid to the 

head of a column with accuracy and without fractionation of the 

sample.  The need for analyzing vast quantities of jet fuel 

samples necessitates the use of automatic sample injection 

techniques, and as these samples have such a wide range of 

volatile constitutents, special demands are placed upon the 

sample insertion process.  High-performance sample insertion 

procedures are definitely needed.  Today, it is the sample 

insertion process which effectively limits the quality of the 

analysis of a complex hydrocarbon fuel by HRGC. 

Sample insertion techniques are needed which would not 

produce degradation of thermally sensitive sample constituents. 

Thus, it appears that a sampling insertion process is needed 

which would not subject the sample to an excessively high 

temperature at the Chromatograph inlet.  A sample inlet assembly 

is needed which eliminates sample "carry-over" from previously 
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injected samples.  Also, a suitable inlet assembly for such 

complex mixtures must not contaminate an admitted sample with 

impurities such as septum bleed, organic leachate from upstream 

system components, compounds arising from the decomposition of 

polymeric ferrules, etc. 

Four sample insertion techniques are now widely used in 

KRGC:  (a) the split mode of injection, (b) the splitless 

injection technique, (c) the direct injection procedure, and 

(d) the on-column sample insertion process.  None of these in 

its presently available form is completely acceptable for con- 

ducting numerous repetitive analyses with jet fuel samples. 

As stated earlier, sample insertion is presently the 

weakest link in KRGC as applied to the analysis of complex 

hydrocarbon mixtures. This situation has been recognized, and 

recently Schomburg presented an excellent paper [23] 

covering the present sampling systems in OTC qas chromatography 

and reviewing the current state of the technology with respect 

to recent injection procedures.  The importance of addressing 

the sample insertion aspects of HRGC was also highlighted 

recently by a special international symposium [24] at which 

the only topic was injection techniques in capillary gas 

chromatography.  Research into improving sample insertion pro- 

cedures in KRGC is being conducted in many laboratories around 

the world, and indications are that new and improved procedures 

will be available soon. 

Recognizing the extreme importance (and attendant problems) 

associated with the injection of a highly complex and broad- 

molecular-weight-range organic sample in HRGC, it was decided that 

this topic should be addressed separately.  Thus, Volume II of 

this report, "Survey of Sample Insertion Techniques" discusses 

the present methods of sample insertion with OTCs.  The variables 

and operation aspects associated with the various types of sample 

injection devices are also presented.  In addition, some experi- 

mental data obtained with different injection techniques are 
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discussed.  Volume II also presents systematically the features 

and limitations of injection inserts, OTC precolumns, and different 

types of microliter syringes. 

I 

4 
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SECTION VI 

CKROMATOGRAPHIC SEPARATION 

1.    DESIGNS AND PROPERTIES OF SEPARATION COLUMNS 

The accurate characterization of complex hydrocarbon fuels 

can presently be accomplished best by high-resolution gas chroma- 

tography.  These Chromatographie separations are performed almost 

exclusively with open tubular columns (OTCs) of considerable 

length.  Research aimed at improving the performance of OTCs is 

making progress in the methods of separating complex organic 

mixtures. 

Marcel Golay not only proposed and prepared the first gas 

Chromatographie OTCs [25,26], but also postulated what ought to 

be the ideal HRGC column. Basically, he contended that an ideal 

separation column would have a long narrow bore and a velvet-like 

coated interior surface. Thus, such a long narrow flowpath would 

have a large, uniform surface area for containing a sizeable 

quantity of stationary phase which would still be distributed as 

a uniform thin film.  Some progress has been made toward these 

types of columns, as whisker-walled open tubular columns have 

been produced and evaluated [27] .  Golay also theorized [26] 

that there would be distinct advantages in a rectangular cross- 

section open tubular column.  However, he has recently reconsidered 

the practical merits of noncircular cross-section OTCs [28,29] and 

now contends that circular cross-section flowpaths are superior. 

HRGC columns have been made with a variety of tubing 

materials.  Although metal and plastic tubing were used in the 

early evolution of HRGC technology, glass and fused silica are 

preferred for present OTCs.  The bulk compositions of some of 

the common types of glasses used for making columns are shown in 

Table 2.  Soft Glass and Pyrex have been used extensively as 

tubing materials for glass capillary columns.  The recent intro- 

duction of flexible fused silica narrow-bore tubing [30] is a 

major step in OTC technology, because it is now possible to prepare 

efficient OTCs [30,31] with long-life capabilities. 
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TABLE  2 

BULK COMPOSITION OF  CERTAIN GLASSES 

1                                                       1 

Glass Type Composition of Glasses 

SiO  Al203 Na20 CaO MgO B2O3 

Soda Lime (R-6) 

| Borosilicate (Pyrex 7740) 

Fused Silica 

R-6 (SO2 treated) Surface 
to 100 A 

73    1    17   5   4    - 

81    2     4   -   -   13 

100    Less than Ippm total metals 

100    Less than Ippm total metals 
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Considerable Chromatographie  research   [30,32]   is being 
focused on glass   surface chemistry.     The  objective  of this 
surface characterization  is  to obtain glass  tubing  surfaces 
which:     (a)   have very low metal  ion contents,   (b)   exhibit 
negligible catalytic  effects at elevated temperatures,   (c) 
possess extremely good  inertness or freedom from adsorptivity, 
(d) can be easily wetted by a variety of  stationary phases,   and 
(e) present a surface conducive for attachment of chemically 
bonded stationary phases. 

Several current techniques  for drawing glass tubing 
permit the  subsequent modification of the  tubing  interior with 
processes  such as  surface  leaching,   the  forming of whiskers, 
etc.     Consequently,   a glass OTC could probably  be  constructed 
to almost any configuration   [33],   thereby permitting versatility 
in designing and  fabricating special HRGC columns. 

Several years  ago,   there was a definite preference  for 
HRGC stationary phases with a fluid consistency.     Recently, 
workers have preferred  stationary phases of  a higher molecular 
weight and a gum-like consistency.     Gum phases  tend to withstand 
solvent overloading  better than the more  fluid  stationary phases. 
However,  more important  is the fact that gum phases can better 
tolerate rapid temperature changes without the  thin liquid  layer 
forming into surface pools or droplets.     Fluid phase OTCs which 
receive extensive  thermal  cycling  in the programmed temperature 
mode tend  to form  stationary phase droplets and  bare spots* more 
readily than do gum phase  columns. 

Recent work   [34,35]   wherein  stationary phases have been 
chemically bonded  to the tubing wall surface,   synthesized in  situ, 
or cross-linked,   shows considerable promise of very high- 
performance OTCs.     A chemically bonded phase  in  a  flexible  fused 

♦Stationary phase  droplets  and microscopic areas of exposed tubing wall  are 
considered sources of elution profile asymmetry and column inefficiency. 
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silica open tube represents a HRGC column of strong potential. 

Stationary phases of different polarity are now being chemically 

bonded [36] to the wall of various glass and fused silica 

tubes.  As these phases are not extractable, they exhibit very 

low column bleed even at elevated temperatures, and the sta- 

tionary phase pooling problem as discussed above is practically 

nonexistent with these chemically bonded phase OTCs.  In addi- 

tion, most of these fused silica OTCs can be flushed with solvents 

to remove contaminants lodged in the column interior.  It is 

anticipated that these bonded stationary phases could also be 

applied to columns of differing internal configurations, such as 

whisker-walled tubes [37] and other types of chronatographic gas 

flowpaths. 

Surface deactivation [38,39] is also receiving considerable 

attention in OTC technology.  Fortunately, progress is being made 

with the use of several deactivating procedures for the various 

glass and fused silica tubings. 

Probably the major physical advantage of a capillary column 

is its gas path openness, that is, its high permeability, which 

permits very long columns to be operated at reasonable instrument 

inlet pressures. As the total efficiency of a Chromatographie 

column is directly proportional to its length, very high- 

efficiency gas Chromatographie columns can be made via basic 

open tubular construction.  The practicing chromatographer should 

be aware that, although Chromatographie efficiency is directly 

proportional to column length, Chromatographie resolution 

usually increases by the square root of column length [40].  It 

is still advantageous to use rather long OTCs for very difficult 

Chromatographie separations, although the maximum concentrations 

of emerging peaks will be much smaller and analysis times will 

be longer.  (See that portion of Appendix A which addresses the 

decline in a solute zone's maximum concentration during migration 

through OTCs.) Several researchers [41,42] routinely use OTCs of 

300 meters and longer which can generate over 10^ theoretical 

plates. 
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When a long Chromatographie column is used, the gas flow 

and temperature parameters of the Chromatographie system must be 

adjusted for maximum performance. For example, the carrier gas 

velocity must be carefully selected to produce maximum solute 

separation, and the rates of temperature programming must be 

correspondingly very low, usually in the region of 0.5° to 2.0oC 

min~l for some of the longer OTCs. The maximum resolution for a 

pair of solute zones generally occurs at the lowest temperature 

which permits practical migration velocities.  Therefore, it is 

counterproductive (from a resolution standpoint) to program the 

temperature of a long OTC at excessive rates, since that would 

cause the main migration of the solute to occur at higher 

temperatures, thereby reducing Chromatographie resolution. 

When a long OTC is being used, a convenient operational 

trade-off can usually be made.  Specifically, in order that data 

be obtained in a shorter time, the carrier gas Velocity can be 

increased to a higher-than-normal level so that the solutes are 

traversing the column rapidly.  Thus, resolution is traded off for 

shorter analysis time. 

Figure 7 shows a gas Chromatographie tracing corresponding 

to a jet fuel generated with a relatively short capillary column. 

The carrier gas velocity here was much higher than optimum and 

the entire PTGC tracing was completed in eight minutes.  Similar 

results could be obtained with a much longer column, where the 

carrier gas velocity would be even higher.  The same jet fuel 

sample analyzed in Figure 7 was chromatographed with a longer 

column, and the corresponding chromatogram is presented in 

Figure 8. Other workers [43,44] have performed very rapid 

separations of high-moleeular-weight materials by using hydrogen 

carrier gas at mean axial velocities of 0.5 to 1.5 meters per 

second.  Thus, the use of hydrogen as the carrier gas is 

another option.  A hydrogen carrier gas is definitely beneficial 

for rapid OTC separations and certain aspects of PTGC operation. 
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2.    IMPORTANT OTC PARAMETERS AND OPERATING PROCEDURES 

For the best possible performance from a HRGC column, the 

column parameters and the operating conditions must be optimized. 

Several available characteristics can be measured to evaluate the 

Chromatographie efficiency of an OTC.  Several criteria can be 

used for measuring the Chromatographie resolution for a given 

pair of solvents; these are discussed in gas chromatography 

texts (e.g., see references 45 and 46).  However, since the major 

concern in this work is obtaining adequate resolution for 

constituents in organic fuels (with the use of high "resolution" 

gas chromatography), the performance parameter that seems most 

applicable is resolution. 

Chromatographie resolution can be stated in basic physico- 

chemical terms and can be graphically measured.  Specifically, 

the extent to which a well-behaved pair of solute zones is 

chromatographically isolated is termed resolution and is 

expressed according to 

R. .  =  2 [ ^j " ^,1) (1) 

ID      \  Wi + wj 

where Rij represents the Chromatographie resolution for 

components i and j, "^r- is t*16 retention time, and w represents 

the time-based distance intercepted along the baseline by tan- 

gents through the points of profile inflection.  The basic 

description of resolution in physico-chemical terms [47] is 

written as 

Rij =   '      — V^-^WT-^T-)   ' (2) 

where nj  is the number of theoretical plates corresponding to 
component j,   a is the  relative retention,  and kj   is  the partition 
ratio for the  j  component. 
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For solutes not  subjected to distorting or biasing effects 

during migration   (see Appendix B),   the Chromatographie efficiency 

can be measured from the properly recorded output signal,  and 

thus  related to the  basic Chromatographie variables   [4 8]   or 

characteristics.     Specifically,  Chromatographie  efficiency is 

defined in terms of  height equivalent to a  theoretical plate,  H, 

and  is written as 

H 
d(0z)2     = 

Lwh / (3) 
dz 8Un2)t2 

r 

where   az  is the  standard deviation of the  solute  zone,   z    is 

the distance along  the   column axis,   L is the  column   length,   and 

w,   is  the  zone width at  half  height. 

In addition to measurements of efficiency and  resolution, 

test procedures have been developed for evaluating the performance 

of glass and fused  silica OTCs.     These procedures are  still 

evolving   [49-53], and methods are being developed which address 

some of the more subtle characteristics of  OTCs,   e.g.,   catalytic 

activity,   selective adsorptivity,  etc. 

Early experiments   [54]   tended to  indicate  that  H,   the 

height equivalent to a  theoretical plate,  was a  function of 

column  length;   however,   that  has been found  to be incorrect. 

Recently,  experimental  evidence   [55-56]   has   shown that H can 

be  independent of column  length,  and that it  is relatively easy 

to optimize the gas   flow  for  a Chromatographie  column under 

isothermal conditions.     However,   different   carrier gases will 

exhibit a different optimum  linear gas velocity,   and  this must 

be determined experimentally.     Experimental  data indicate no 

clear preference for any particular carrier  gas with  respect to 

isothermal  gas Chromatographie efficiency.     Yet,  there is an 

advantage in using hydrogen   (and to a lesser extent helium)   for 

high-resolution gas Chromatographie work  [57,58],     With these 

light carrier gases   (hydrogen and helium)   the  solute   zones can 
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be   passed through  the  column at  a higher  linear velocity,   thereby 
producing larger  instantaneous  concentrations  at  the column 
exit   (see Appendix A) .     The advantages of hydrogen  or helium 
carrier  gases   are  especially  evident   in programmed   temperature 
work with long OTCs.     In addition,   efficiency  losses  due  to  a 
programmed variation  in column   temperature  are  minimized with 
the  use  of hydrogen carrier  gas.      (Caution:     certain  protective 
measures  should be undertaken when  using hydrogen  as  a  carrier 
gas   in  an HRGC  instrument.) 

There  is valuable diagnostic  information  in the early 
portion of chromatograms of  jet  fuels,   the volatile  fractions of 
a crude  oil,   or shale oil.      In  fact,   this region may presently 
be   the most  informative portion  of  a chronatogram  in revealing 
unique  properties or characterizations of various  samples.     There 
are  three ways of improving Chromatographie resolution  for these 
early eluting volatile  species.     One  approach is to merely cool 
the column oven to a temperature near ambient and maintain an 
extended  isothermal hold period  for  the early emerging  species. 
Another  is  to use OTCs with a relatively thick film,   thereby 
increasing the resolving power  for  the more volatile components 
of  the mixture.    The third approach  is cryogenic temperature- 
programmed gas chromatography.     For  this procedure,   the GC 
instrument must be  equipped  for  subambient operation.     Eventually, 
the GC oven will be  temperature programmed to higher temperatures 
to  elute the  higher boiling  sample  constituents. 

In  subambient programmed  temperature HRGC,  potential 
problems  are  associated with a  change  in state of  the   stationary 
phase  and  the  associated  slow mass  transfer of  solute molecules 
at   lower temperatures.     Consequently,   care  is needed  in  the 
selection of  the OTC  stationary phase.     Recent experiments 
conducted in  the Thermal Analysis  Laboratory at the University 
of  Dayton have shown that  certain  silicon gum phases   (SE-30  and 
SE-52,   have  glass transition temperatures of approximately  -11Q°C. 
Therefore,   these stationary phases would be especially  suited 
for  subambient programmed  temperature GC.     Phases  that readily 
crystallize   should not  be  used  at cryogenic  temperatures.     For 
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strict gas-liquid partitioning chromatography, a stationary 

phase should not be used below its glass transition temperature. 

The new fused silica OTCs have polyimide outer coatings 

that can withstand a 350oC air environment for long periods. 

However, many of these coating materials exhibit glass transi- 

tion temperatures of approximately -40oC.  Nevertheless, these 

outer protected fused silica OTCs have been subjected to cryo- 

genic trapping procedures wherein short lengths of the coiled 

tubing were placed in Dewar flasks containing liquid nitrogen 

[59] at approximately -1960C.  Apparently, no difficulties (e.g., 

surface cracking and column breakage) were encountered in these 

severe low-temperature exposures.  Consequently, it would seem 

that fused silica OTCs can be used in gas Chromatographie 

systems designed for occasional cryogenic temperature programming 

use where initial temperatures may be as low as -100oC. 

Undoubtedly the major attributes of HRGC are its ability 

to separate complex mixtures, its speed in performing separations, 

and its ability to obtain analytical quantitat.ions for separated 

constituents. Gas chromatography can also supply qualitative data 

by using the Kovats retention index system [60,61] for identify- 

ing the various emerging solute zones. This system is widely 

used for isothermal Chromatographie determinations [62] .  For 

whatever mode of GC operation, standard tests must be conducted 

periodically to validate the Kovats indices information, in 

exactly the same manner as the routine retention data collection. 

For example, if the Chromatographie data are obtained in a 

certain programmed temperature GC mode, the retention index data 

should be determined in that same mode of operation using 

internal standards. 

3,    ADVERSE BEHAVIOR ASSOCIATED WITH THE SEPARATION COLUMN 

An important topic relative to HRGC and the generation of 

analytical data (quantitative and qualitative) is elution zone 

profile.  The complete HRGC system must be capable of migrating 
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and eventually recording  symmetrical  concentration zone  profiles 
[63].     As  stated  in Section IV,   this performance criterion must 
be met before  extensive  sophisticated  analytical work is  under- 
taken.     Causes of  recorded zone  profile asymmetry can originate 
in: 

(a) the Chromatographie inlet  assembly, 

(b) the  separation column  itself, 

(c) the nonuniformities associated with the 
column and its  installation, or 

(d) the  subsequent physical  components and data- 
handling procedures downstream of the 
Chromatographie column. 

The reasons why asymmetric  elution  behavior is  so detri- 
mental to Chromatographie performance,  particularly with respect 
to HRGC,   must be  understood.     Specifically,   if elution profile 
distortion,   e.g.,   peak tailing,   is observed in the recorded 
output of a properly designed and responsive GC instrument,   some 
entity within the  system is biasing  the  Chromatographie passage 
[63-66]   of  solute molecules.     Such behavior indicates either 
(a)   disturbances  or nonuniformities  in the gas flowpath which 
cause this  bias  in migration,   (b)   certain types of  adsorptivity 
which can be either reversible or  irreversible,  or   (c)   chemical 
degradation during  solute transport.     In  any event,   this peak 
tailing  behavior  is undesirable,   as  it  adversely affects  the 
measured  concentration of the eluting  solutes.     It  also  changes 
the occurrence,   in time,   of the  concentration profile cresting 
of the  individual   solute   zones. 

Other  types  of asymmetric  elution  behavior  are associated 
with admitting too much solute  to the Chromatographie  system 
and thus overloading the  separation column.    This usually 
generates a profile that has  its  concentration centroid  emerging 
at a time somewhat different than  the elution profile crest, 
i.e.,   the zone's maximum concentration.     This again would produce 
erroneous qualitative data. 
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Figure  9   shows the  loss  in  resolution attributed  directly 
to asymmetric elation zone profiles.     The upper  set of  elution 
peaks  consists  of a single Gaussian profile and an exponentially 
modified Gaussian   (EMG)   profile.     These  two distribution profiles 
differ only  in  that the EMG response curve contains a  fixed 
exponential tailing component which has  been convoluted with 
the previous Gaussian profile   (shown in the upper  left corner). 
The bottom set consists of two equally  spaced component elutions 
of Gaussian and EMG behavior,   respectively.    The extent of over- 
lap for compounds i and j   in the  lower right-hand  figure clearly 
shows  the   loss   in resolution directly related  to asymmetric 
elution behavior. 

At  this  point in the discussion of adverse behavior 
associated with an OTC, it  is appropriate to present a case 
where Chromatographie peak tailing  occurred as a result of 
physically contaminating the early regions of the  Chromatographie 
flowpath.     The  chromatogram of  normal  paraffins,   shown  in 
Figure  10,   was obtained after  a   "dirty"  and inappropriate 
sample had been  injected  into  an  OTC gas Chromatograph.      (Notice 
the tailing of  the early solute peaks.)     The previously 
injected  sample  consisted of  a complex mixture of  aromatic 
hydrocarbons,   a variety of organic  acids,  a small  quantity of 
low-molecular-weight polymers,   some micro-size particulate,   and 
other  carbonaceous materials.     In  effect,  this dirty  sample 
contaminated the  interior  surfaces of  the injector and the 
localized  stationary phase  in  the  inlet  region of  the  OTC. 
Subsequently  injected solutes   (shown  in  Figure  10)   were  sub- 
jected  to  adsorption,  biased migration,   and possibly  even  catalysis 
by  the  contaminants  residing  in  both  the   injector  and  the   inlet 

region of  the  Chromatographie  column.     Therefore,   by merely 
cutting off the  first ten centimeters  of the column,   cleaning 
and deactivating the  injection  port  surfaces,   and reconnecting 
the column,   the  improved chromatogram  shown in Figure   11  was 
obtained.     This  particular case   is one  example of  how the 
performance of   high-temperature   OTCs  can be  impaired. 
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Gaussian Profile 

EMG Profile 

Gaussian Profiles 

EMG Profiles 

Figure 9.  Gaussian and exponentially modified Gaussian 
elution zone profiles. 
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Figure   10. Series  of normal paraffins  eluted  from a  contami- 
nated column. 
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Figure  11. Elution behavior after  removing contaminated 
section of column. 
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Another type  of peak asymmetry has been observed recently, 

and the cause of  this unusual form of  tailing behavior is not 

fully understood.     Figure  12  shows  two  partial  chromatograms, 

one representing  the elution of a chlorinated pesticide,   the 

other showing the elution profile of a  nitrophenol.     In  some 

Chromatographie   systems,   similar  types  of  tailing  behavior have 

been observed even   for hydrocarbons.     Basically,   this asymmetric 

behavior  is characterized by a prolonged baseline elevation 

after the elution of a certain solute.     This distinct elevation 

of the baseline   is  not related to electronic offset or recorder 

deadband.     In the past,   comparable results  were  observed when 

water was eluted through a Chromatographie  column.     Similar 

behavior   [67]   has  been observed with a  dirty detector or  foreign 

deposits  in  the  detector  region   (deposits  that  introduce 

selective solubilities or adsorptivities). 

Although there are  several theories  concerning this 

phenomenon,  none of  the  explanations is  totally  satisfactory. 

This type of asymmetric  elution behavior can have  serious con- 

sequences.     For  example,   there is the question of whether the 

adsorptivity is  reversible or irreversible,   and  if  it is revers- 

ible,  whether the  solute molecules will  elute  in time to be 

included as part of  the  detected solute  zone.     There  is also 

the question of whether the adsorptivity  is concentration 

dependent,   such as  the undesirable GC  quantitative behavior as 

characterized by Figure  13. 

In  some  instances, nonquantitative  transport   (that  is, 

irreversible adsorptivity)   can occur even   if the emerging solute 

zone profile  is   symmetrical.     On  the  trace  concentration  level, 

there are retardation mechanisms  that would not  necessarily 

produce the telltale asymmetric  elution  profiles. 

4. OVERLOADING   OF  AM   OPEN  TUBULAR COLUMN 

With a KRGC   system,   it  is  possible  to trade-off and compro- 

mise on resolution,   analysis time,   and  sample capacity. 

Basically,   this   three-component compromise   is  available  in most 
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of the  Chromatographie techniques.     Figure 14  shows  a triangular 
relationship  relating resolution,  analysis time,   and  sample capac- 
ity.        Quite  simply,   the analyst can enhance  any of  these opera- 
tional  attributes,  but at the expense of one or both of the  other 
attributes.     For example,   if  the maximum possible resolution  is 
sought,   it will require a  long  analysis time,   and it will have to 
be accomplished with a small quantity of admitted  sample. 

It is increasingly clear  that  sample capacity  is  important 
in HRGC,   for  if too small  a  sample  is admitted to the  instrument, 
there  is a problem in detecting  the  low level components.     And 
if too  large  a  sample is admitted to the Chromatographie column, 
overloading will occur. 

Gas-liquid Chromatographie column overloading has been well 
known   [68]   for almost two decades.     Although overloading pheno- 
menon has been recognized and studied,   it does not  lend itself 
to precise characterization for a given Chromatographie system 
and a given sample.     Recent authors have addressed  this top-lc 
[69,70]   and some researchers consider column overloading in 
Chromatographie dynamic terms,  e.g.,   localized velocity concepts. 

The relationship between the zone variance of an emerging 
solute profile  and the quantity of  solute admitted  to a given 
Chromatographie column can  be expressed in an approximate generali- 
zation  as shown  in Figure  15.     This  is a hypothetical curve,   and 
certainly this  relationship would vary with the  dimensions  and 
characteristics of the  separation column and the admitted  solute. 
Even   so,   if too much solute  is  injected into the Chromatographie 
column,   an overloaded condition will  exist and the  emerging  solute 
zone  will be  broader  than  if the chromatography were performed 
in a nonoverloaded manner. 

In the overloaded  condition,   the emerging  solute  zone  is 
not  only broader but  is  also  skewed.     In practically all cases, 
the  crest value of the emerging  solute  zone will emerge  later in 
the  overloaded condition than  in nonoverloaded Chromatographie 
zone migration.     This can present serious problems   in generating 
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qualitative data, specifically when characterizing the eluting 

solutes using the Kovats retention index procedure.  Accordingly, 

when the objective is to generate precise qualitative information, 

it is imperative that the emerging solute zones not be overloaded. 

(Appendix B shows that the peak apex can be used as an indicator 

of the emergence of the solute zone centroid, provided the solute 

zone is symmetrical.) 

There are many procedures for measuring elution zone 

profile asymmetry and Figure 16 illustrates six graphic procedures 

for obtaining zone asymmetry measurements (see reference [63] for 

a detailed description of some of these profile characterization 

procedures).  The measurement procedure as introduced by Haarhoff, 

et al. [71] was selected for measuring the zone asymmetry of a 

series of hydrocarbons that eluted from a particular HRGC column. 

A hydrocarbon mixture which was prepared contained equal 

weights of normal undecane, normal dodecane, and 2,6-dimethyl 

undecane.  Different weights of the mixture were placed in an 

iso-octane solvent and a small amount of naphthalene was added 

to each of the prepared samples.  These samples were injected into 

a high-resolution gas Chromatograph containing a 60-meter-long 

fused silica OTC.  This particular column had a dimethyl silicone 

film thickness of approximately 0.25 microns.  The Chromatographie 

conditions for this overloading experiment are presented in 

Figure 17. The weights of the hydrocarbons admitted to the OTC 

ranged from 2 ng to 256 ng each.  The quantity of naphthalene 

admitted during this series of tests never exceeded 4 ng. 

One objective of this experiment v/as to determine what effect 

the normal paraffin overloading would have on the Kovats retention 

index of the nonoverloaded naphthalene.  These tests were run 

under isothermal conditions of 140oC/ and examples of partial GC 

tracings are shown in Figure 18.  It can be seen that the upper 

tracing corresponds to an overloaded condition (skewed profiles) 

for the three components injected in large concentration; however, 

the small quantity of naphthalene is not overloaded.  During the 
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1          GAS CHROMATOGRAPHIC CONDITIONS                    1 

ij    Instrument    Varian 1800 

I   Analyst     W. Rubov 

i   Date        7-23-80 

1   Co 1umn: 

I       type and descripti 

1       tubir.q material . 

on    WCOT 

Fused sil ica 

1       tubing length 60 m 

j       tubinq inside diameter       0 
^r mm 

j    Stationary phase st:-30 

atmo    1 

i                  film thickness 0.25 jm 

1   Carrier qas Holium 

I       inlet pressure 3.7 abs 

I       linear velocity '^2'n cm sec-l    j 
I       outlet flow ^1 . 7 cm^ rnin"^-   1 

1    Detector: 

type  | HFID 

I       range Noted 

1       attenuation Noted 

Detector gas flows: 

hydrogen 30 cm^ min"    i 

min"-   1 

rain"^-   1 

t       air 300 cm-' 

s      column outlet supp lement 20 cm3 

1   Output signal recordin 9 = 

|       full scale read out         '*■ .0 mv 

1       chart advance rate 10.0 cm rain"     1 

1    Samole: 
n"CT 1 

J       description    ■L ■ n-C12' 2'6 DHUD & NAPH. 

i       solvent i-^d 

1       concentration in s 

1       injection sample s 

olvent Noted 

ize 1.0 ..1 

I       split ratio ^1 to 3 3 

1    Temperatures: 

1       injector 240 0C 

1        column: 

initial 140 ITGC 0C 

I         initial hold --. min 

i          final   0C 

nin"     1 |         program rate --- 0C 
I       detector 300 0c 

Figure  17. Chromatographie  conditions   for  solute overloading 
experiment. 
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elution of these four components, the chart advance rate on the 

Chromatographie recorder was increased so that symmetry measure- 

ments could be made using the graphic measurement technique of 

Haarhoff, et al. 

The data resulting from this series of tests are presented 

in Table 3 and this information is also presented graphically in 

Figure 19.  It is apparent from Figure 19 that asymmetric 

behavior is pronounced, once the sample size exceeds approximately 

50 ng.  Here again, this overloading information applies only to 

a particular series of solutes and a given HRGC column.  However, 

this information corresponds to recommendations [72] that the 

maximum acceptable solute quantity that should be admitted to a 

thin film OTC (if GC qualitative data are to be obtained) is 

approximately 100 ng.  Table 3 shows that larger quantities of 

solute would dramatically affect the Kovats index value, !§•  In this 

experiment, the standards for the Kovats index, specifically the 

normal undecane and the normal dodecane, were overloaded, but the 

naphthalene at no time experienced overloaded elution behavior. 

Another factor relative to column overloading is that the 

temperature of the column has a pronounced effect upon overloading, 

and thus, on acceptable sample capacity.  For practically every 

class of organic compound, the lower the gas-liquid Chromatographie 

column temperature, the greater the sample capacity. 
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TABLE  3 

EXPERIMENTAL DATA PERTAINING  TO  SOLUTE  OVERLOADING 

On Col 
Solute 

umn 
Weight (n-Cn) 

Asymmetry, 
(n-C12) 

As 
(2,6 DMUD) 

256 1.29 1.53 1.56 

128 1.13 1.40- 1.43 

64 1.07 1.21 1.25 

32 1.04 1.13 1,16 

16 0.99 1.05 1.09 

8 0.98 1.03 1.05 

4 0.98 0.98 1.03 

2 0.99 1.00 1.01 

i 

On Column 
Solute Weight 

(nq) 

SE-30 
I140oC naphthalene |Al| 

256 1183.84 1.60 

128 1184.33 1.06 

64 1185.06 0.38 

32 1185.42 0.02 

16 1185.49 v — 

8 

4 

1185.40 ( 1 = 1185. 

1185.51  a=0-075 
44 — 

2 1185.35 ' ~ "■ 
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SECTION VII 

UNIFORM TRANSPORT AND EFFLUENT DETECTION 

Once a sample has been admitted to a high-resolution gas 

Chromatographie system, it must be quantitatively transported 

through the flowpath and eventually each of the various con- 

stituents of the sample must be detected and properly recorded. 

The previous section discussed in some detail the requirements 

of a HRGC column.  This section addresses the transport criteria 

that apply to both the column and the detection region of a HRGC 

system. 

1.     UNIFORM TRANSPORT CRITERIA 

There are basically three criteria for the quantitative 

transport of stable gas-phase substances in HRGC.  First, it 

is necessary to have material uniformity throughout the gas flow- 

path.  For example, the tubing material and the wall structure 

must be homogeneous and smooth, and they must exhibit the same 

thermal conductivity throughout. This material should be hardy 

with respect to physical handling and it must be capable of with- 

standing high temperatures.  It is essential that the entire 

flowpath contain no adsorptive or catalytic surfaces. 

Second, the localized gas phase should be homogeneous with 

respect to internal pressure and internal temperature. A gas 

Chromatographie flowpath can tolerate a miniscule negative 

temperature gradient along its axis, and in some cases this is 

even preferable [73] .  However, in no situation should there be 

cyclic thermal oscillations along the length of the column.  Of 

course, in HRGC there will always be a slight negative pressure 

gradient due to the compressibility of the mobile phase. 

Third, there must always be a constant velocity of 

sweeping gas throughout the HRGC flowpath.  That is, there should 

not be any tubing diameter transitions, recesses where stagnant 
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mobile phase can reside, or cavities where unswept solute mole- 

cules can lodge.  If the HRGC system conforms to these three 

transport criteria and if the separation column has been properly 

prepared, it is possible to conduct high-performance GC analyses. 

The effect of column temperature variations upon solute 

zone migration and retention has been studied by several workers 

[74,75].  For the special technique of high-precision gas 

chromatography to be used for studying the physio-chemical 

behavior of different compounds, fastidious control is needed 

with respect to column oven temperature.  Spatial temperature 

variations within a column oven have also been examined from a 

theoretical standpoint [66,76], 

Early open tubular columns were prepared using highly 

conductive wall materials and relatively large wall thicknesses. 

With these OTCs, subtle variations in localized temperature did 

not appear to be a significant problem as any small spatial or 

temporal variation in temperature was apparently averaged out 

due to the mass and heat capacity of the column wall. Also in 

previous times, stainless steel OTCs were mounted on mandrels 

that tended to smooth out any existing unevenness in the oven 

temperature distribution. With the advent of very thin-wall 

fused silica OTCs where the wall material is only approximately 

30 microns thick, increased concern has been registered with 

respect to both the spatial and temporal thermal nonuniformities 

in the vicinity of the HRGC column. 

When a fused silica OTC is coiled in a cylindrical manner 

on a column cage (diameter approximately 14 0 mm) and then located 

within a chamber which can unfortunately generate thermal gradients, 

then temperature variations can be produced along the axial 

length of the OTC*  If temperature nonuniformities exist within 

a particular column oven, these variations would have the 

♦Several researchers [77-79] have observed such temperature variations and 
some have suggested procedures for dealing with them [78] . 
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greatest effect upon  relatively  short OTCs  that were  used in the 
programmed-temperature GC mode.     The  longer OTCs  would  tend to 
dampen the effects of  the  thermal nonuniformities  as  the  solute 
zones would be more dispersed. 

Three different procedures have been used  in our  laboratory 
to eliminate the possible adverse effects of thermal  nonuniformi- 
ties.     Figure  20  shows a  50-meter-long  fused silica OTC that has 
been wrapped with woven glass  tape  (Wale Apparatus,   part no.   1706). 
This particular column  is not wound on a mandrel,   and  the entire 
coiled tubing is contained  in a  rather compact oval  that 
measures approximately 14 0 mm in diameter.     The  ends of this 
OTC  are covered with a  special  ceramic  fiber  sleeve   (Omega 
Engineering,  part no.   XC-116)   which terminates  at the  injector 
and  the detector of the HRGC  system.     Figure  21   shows  a  similar 
arrangement,  but in this case a  60-meter-long  fused  silica OTC 
is wound on a metal cage and  then enclosed in woven glass cloth. 
Here  again,  the ends of the  column are  contained within  lengths 
of ceramic fiber sleeving.     The  third method   (see Figure  22) 
that has  been used in our laboratory employs a  separate  chamber 
which houses an OTC wound on  its  column cage.     This chamber, 
a cylindrical aluminum dish with perforated cover,   is placed 
within the column oven thereby obtaining a high uniformity of 
temperature within the  inner chamber.     The column ends  that 
emerge  from this chamber are  encompassed with the  special ceramic 
fiber  sleeving.    And as with  the  two previous OTC  installation 
procedures,  the  sleeving butts  against  the injector and 
detector connections. 

These three column  installation procedures  have only 
been  used with  relatively  long OTCs,   and were  intended  for 
programmed temperature  GC operation.     Nevertheless,   we  have thus 
far not observed any departures  from symmetrical  elution profiles 
when  examining pure normal  paraffins with these  column  installations. 
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2. EFFLUENT  DETECTOR   INSTALLATIONS 

Several  high-sensitivity detectors  are  routinely  used  for 

sensing  the effluent   from gas  Chromatographie OTCs.     The hydrogen 

flame  ionization detector   (HFID)   is currently the most widely 

used detector  for conducting GC analyses with OTCs,   although an 

increasing amount of  HRGC work uses  selective  detectors   [80-89] 

such as the electron  capture  detector   (ECD),   the   thermionic 

specific detector   (TSD),   the Hall electrolytic conductivity 

detector   (HECD),   the   flame photometric detector   (FPD),   the 

photoionization detector   (PID) ,   the ultraviolet photometric 

detector   (UVD),   various  types  of mass  spectrometric   (MS)   detection 

devices,  and Fourier  transform  infrared   (FTIR)   detection 

instrumentation. 

Effluent detectors  arranged in series  connections are 

becoming popular.     For example,   an ECD has been  connected upstream 

of an  in-line KFID for obtaining  selective and universal detection 

[90]   of emerging  solutes.     An effluent detection  arrangement 

recently described   [91]   uses  a  two-segment effluent  splitter that 

sends part of the effluent to  a HFID and passes  the other part 

through a series-connected ECD  and FPD.     These multiple detector 

arrangements [92,93] provide  simultaneous  information on the 

chemical nature of emerging  solutes. 

It  is  important that the  gas  flow  from the  end  of the 

Chromatographie column  to  the   "active"  region  of   a detector be 

well  defined  and  free  from  sources of  zone  broadening  or dis- 

tortion.     This  is a very  crucial gas transport region,   one over- 

looked   in the past and  slighted  by some  designers of  currently 

manufactured OTC gas  chromatographs. 

The chromatogram  shown  in Figure 2 3  represents  the problem 

area,   by presenting  a  series  of high-purity normal paraffins con- 

tained  in an  iso-octane   solvent.     Upon  first   inspection of this 

chromatogram,   it   seems  that the GC  instrument  that generated 

this  particular  Chromatographie  tracing  had  good  gas  transport 
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of  high-purity normal paraffins. 
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properties as the emerging solute peaks appear to be almost line- 

functions.  Kowever, by selectively expanding the time axis of 

the chromatogram recording by 100X, as shown in Figure 24, it is 

observed that some elution zone profiles show serious departures 

from the smooth and symmetric Gaussian contour.  Evidently, some 

entity or property in the Chromatographie system distorted these 

pure solute zones.  This same type of profile distortion has been 

observed when using both a conventional Pyrex glass wall coated 

OTC and a tightly wrapped fused silica OTC.  In this case, the 

profile distortions were caused by a combination of factors 

originating in a transfer tube, a right-angle bend in the entry 

to the detector, and several simultaneous flowpath diameter 

transitions between the end of the OTC and the sensing region 

of the HFID.  It is worth noting that in this case the observed 

subtle distortions were due largely to unpredictable mixing 

phenomena during transport and not to condensation or adsorption. 

In elution chromatography, the shape of the emerging solute 

zone is important [63].  If the zone contour is distorted (e.g., 

gradual shoulders, multiple crestings, inflections, steps, etc.) 

by some form of mixing chamber, diffusion chamber, channeling 

device, unswept recess, or other undesirable flowpath anomaly, 

the analyst may conclude erroneously that there is more than one 

chemical species represented by the distorted solute zone.  Such 

would have been the case for the two examples of distorted zones 

shown in Figure 24. 

Another reason for mandating that a HRGC instrument elute 

pure solutes as undistorted and symmetrical profiles is that one 

can then use the peak height rather than peak area for certain 

quantitations [94,95].  The distorted profiles shown in Figure 24 

would introduce error in a quantitation established by peak 

height.  Here again, the actual time of cresting of distorted 

solute zones (skewed profiles) would not correspond to the same 

time as the emergence of the centroid of the solute zones.  This 

source of error would affect the qualitative analysis. 
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Not many years ago,   it was  common to use special unions  for 
joining OTCs  in series arrangements  and  for attaching OTCs   to 
inlet  and  exit tubing connections.     However,  practically  any 
type of  junction,   coupling   (including  couplings made with  heat- 
shrink Teflon  tubing),  union,   or  butt end  connector can   intro- 
duce  asymmetric elution profiles,   exponential peak tailing,   and 
selective  adsorption,  particularly  if migrating solutes  encounter 
polymeric  tubing  ferrule materials  at these  junctions   (see 
Figure 25) .     The  reason for this peak tailing behavior  is that 
solute molecules  are readily  forced  into  these narrow unswept 
recesses  by  the migrating  solute  concentration gradient,   but 
the only way these   "captured" molecules can reenter the main 
flowstream is  through diffusion.     Darcy's  Law is very clear  on 
this point;   specifically,   a finite pressure drop is necessary 
to have  fluid  flow   [96] .     And the pressure drop across  these 
narrow radial  channels is negligible. 

As  a further complication,   the  gradual deposition  of 
stationary phase bleed condensate  into these narrow unswept 
recesses  hinders  the quantitative  transport of highly retained 
solutes present  in  low concentration.     Increased data scatter 
and behavior  such  as seen in Figure   13 can  result  from practically 
any junction  contaminated with stationary phase. 

A uniform gas Chromatographie  flowpath that encounters no 
junctions,   diameter transitions,   or  thermal gradients from  its 
inlet region  to  the point of  emergence  in  the gas Chromatographie 
detector  is  an  ideal column  installation.     Such a model   for  an 
OTC  installation  has negligible  extra-column zone  spreading  con- 
tributors.     This model can be realized by   straightening  the   inlet 
and exit  ends  of  conventional  thick-wall  glass tubing before 
the  tubing  is  fabricated  into a   separation  column.     With  the 
advent of   flexible   fused  silica  tubing   [30],   such a model 
installation  requires only the  fabrication of precise adapters 
for making proper  connections at  the  column entrance and  at  the 
OTC exit.     Figure  26 depicts a HFID  and adapter assembly designed 
specifically  for  placing  the  Chromatographie column  exit  in  a 
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location very close to the active sensing region of the  HFID. 
This particular design closely follows  an earlier design  intro- 
duced by Caspar,   et al.   [97]   who were able to generate extremely 
precise Gaussian elution profiles using this type of detector 
and capillary column exit connection. 

As previously  stated,   the  HFID  is  now the most commonly 
used detection device  for sensing organic  solutes emerging  from 
gas Chromatographie OTCs,   arid for many  reasons.     The HFID   [98-102] 
is a somewhat universal detector for organic  compounds.     It  is 
also a precise detection device and has  excellent response 
linearity over  a broad dynamic range   (its response to hydrocarbons 
is linear over at  least five orders of magnitude of  solute  con- 
centration) .     Another  important property of  this detector, 
especially with respect to HRGC operation,   is that its effective 
dead volume  can  be very small,   approximately a few microliters. 
With properly designed interior connections,   solute zone 
spreading due to this detector can be extremely small.     Highly 
repeatable data  can be obtained with an HFID,   provided there  is 
careful adjustment and precise control  of the carrier gas,   the 
hydrogen gas  flow,  the detector  auxiliary or  supplementary gas, 
and the  flow of  compressed air  for  combustion.     Recent experi- 
ments have  shown   [57,103]   that increased response is obtained 
with the HFID if nitrogen is used as the detector auxiliary 
gas. 

If the above variables are adjusted  to their optimized 
values and  are  precisely controlled,   good analytical GC results 
can be obtained using an HFID in conjunction with a HRGC column. 
Most of the other detectors used for sensing effluents  from 
OTCs will make  a  larger contribution to  zone  spreading  as  they 
exhibit  small quantities of dead volume  associated with their 
respective detecting mechanisms.     As an example,  an electron 
capture detector typically contains  a  small  cylindrical cavity 
which can  introduce  a certain amount of   zone  broadening or 
detection time   lag.     The same type  of  behavior is found  for 
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other devices that have significant internal volumes or chambers 

associated with their mechanism of detection (e.g., the PID, the 

HECD, and the UVD) .  On the contrary, the flame photometric 

detector, certain mass spectrometric detection devices, and the 

various bead sensing ionization detectors (e.g., the TSD) have 

relatively rapid response characteristics.  Through the 

appropriate selection of OTC dimensions and supporting components, 

the adverse effects of zone broadening from these detectors can 

be minimized to the point of rivalling the HFID in rapid 

response characteristics. 

Normally, zone broadening contributions at the exit of a 

Chromatographie column are more pronounced when very narrow-bore 

OTCs or relatively short columns are used for analyzing samples. 

Conversely, the performance from the longer Chromatographie 

columns, or the wide-bore OTCs, is not affected nearly as much by 

fixed zone broadening contributions which originate in the column 

exit region. 

3.    EFFLUENT SPLITTERS 

The use of effluent splitters with capillary columns is a 

popular procedure [104-107].  In such installations, a Chromato- 

graphie sample is injected into a single OTC, and the effluent 

from the column is split into two streams which pass simultaneously 

into separate detection devices. Much like the series connection 

of detectors, effluent splitter techniques are very powerful for 

identifying or classifying compounds of different chemical 

families [104,107] as the split solute band can be sensed 

simultaneously with a parallel connection involving a selective 

detector and a relatively universal detector.  Thus, considerable 

information can be obtained about the chemical nature of a 

substance.  Although effluent splitters have been used for many 

years with packed columns, an effluent splitter intended for high- 

performance use with OTCs must be properly designed, carefully 

constructed, and appropriately installed in the gas Chromatographie 

system. 
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If the effluent  splitter junction   (where  the  column ends  and 

the  two detector  input  transfer  lines  begin)    is at  a temperature 

considerably lower  than the detector's,  the  effluent splitter can 

cause  severe tailing  of  solutes.     As an example,   Figure 27   shows 

a chromatogram of  a  sample  containing  a  simple rixture of hydrocarbons 

and  a nitrogen-containing  species which was   sensed  using a HFID 

in parallel with a TSD.     Notice the extreme  tailing of the emerging 

solutes.    This  is  a  special case in which a  short capillary column 

was  temperature programmed  at a rapid rate.     The  severe tailing 

of the emerging  solute was  apparently due  to  two  factors.     First, 

the  effluent splitter  junction was at a temperature much lower 

(approximately  200oC   less)   than the  bulk  temperature of the  detectors. 

Second,   there was  the  probability of  stationary phase bleed con- 

densate being deposited  in the cool region of  the  splitter junction. 

Such pronounced tailing would probably not be  observed in situa- 

tions where a very  long OTC or a much  slower  temperature program 

rate were being used.     For  such a case,   the  temperature difference 

between the splitter  junction and the detector at the time of 

solute elution would  be relatively small.     In  any event,   it seems 

desirable to have  the  temperature of the  effluent  splitter  junction 

and  the associated  transfer tubing maintained  at the same value 

as  the detectors. 

4. PLACEMENT  OF   THE  OTC   EXIT  RELATIVE   TO   EFFLUENT  DETECTION 

When a conventional  glass OTC is used,   the column must have 

straightened ends  so  that the column exit  is  very close to the 

active region of  the  detector.     There  are   several  problems with 

installations  in which the  glass OTC exits  some distance  from the 

detector and a transfer  tube   [108-110]   with  auxiliary purge has 

been  used  for transporting  the effluent  into  the  detector.     There 

are difficulties  associated with stationary phase  bleed from the 

OTC  being deposited  nonuniformly in this  transfer  tube.     Also, 

small crevices  in  the  transfer tube wall   [111]   tend to introduce 

asymmetric peak behavior  and adsorption. 
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Figure  27.     Dual  chromatograms obtained with effluent  splitter. 
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With an HFID,   attention should be given  to precisely main- 
taining constant  flows  of   the various gases,   i.e.,   the  hydrogen 
fuel,   the  auxiliary gas,   and the  air required   for  combustion. 
It  has been noted that   if  any of  these gas  flow rates changes 
during the course of a GC  examination  (or from test to  test)   the 
detector  quantitative  response   characteristics   can  change  accordingly 
When the  auxiliary gas  flow is  interrupted or  not  used  during a 
GC   separation,  the HFID response  is approximately one-third that 
normally encountered with an optimized flow of  auxiliary gas. 

Excessive HFID temperature  can present several problems. 
These can be minimized   if   the detector temperature   is adjusted to 
a value just slightly higher than the maximum temperature  in a 
programmed GC test,   or  if   the detector is set  at the same tempera- 
ture at which the OTC was  conditioned. 

Earlier  in this   section,   a  certain HFID  design   [97]   as 
presented by Caspar,  et al.  was  discussed.     Also,   a sketch was 
presented   (see Figure  26)   of a modified HFID and adaptor assembly 
used  in our laboratory  studies.     If a HFID  assembly for HRGC has 
been properly designed,   attention has gone   into minimizing any 
zone  spreading associated with effluent detection.     This  is 
usually accomplished by designing the detector  cell for the 
smallest possible interior volume or by designing   for a very 
rapid transit time  from the column exit to  the  active  region of 
the detection device.     Special  attention must   also go  to the 
composition,  design,   and   location of a HFID's   electrodes and to 
the  geometry of  the  flame-tip.     Before  discussing   these  HFID 
design aspects  further,   it would  be appropriate  to  address other 
potential problems  associated with the HFID. 

A properly adjusted  HFID  should have   a  stable  flame and low 
signal noise,  which minimize  signal transients  and cyclic dis- 
tortions.     The various  gas   flows  are  important  in   this  regard 
and  the detector auxiliary gas   flow is  especially  critical.     As 
stated earlier,   nitrogen   is  the  preferred  auxiliary gas  as  it 
produces  a larger HFID  response.     However,   to  obtain a  stable 
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low-noise flame, the detector gases must be carefully purified 

and the effluent emerging from the OTC must be thoroughly mixed 

before the composite gas stream enters the actual flame.  The 

quality of the quantitative data is dependent upon the minimiza- 

tion of short-term noise. 

The diameter of the opening in the HFID flame-tip must be 

large enough that only a negligible pressure drop occurs across 

this jet.  If a significant or varying pressure difference occurs 

across this opening, it could affect the actual retention behavior 

of emerging solute zones.  Conversely, the flame-tip aperture 

should be small enough to act as an orifice and permit mixing 

of the OTC effluent, the auxiliary gas, and the hydrogen prior to 

entering the flame.  This orifice serves as a boundary between the 

regions where the mixed gases rapidly sweep the OTC exit and the 

onset of the diffusion-controlled flame. 

In Section VI, some of the adverse behavior that can occur 

because of a dirty HFID flame-tip was discussed.  It has been 

stated recently that a dirty flame-tip can be a major cause of 

peak tailing [67] for organic compounds that contain bound nitro- 

gen, thus stressing that serious consideration should be given 

to the flame-tip assembly of a HFID. 

The materials selected for the interior of a HFID assembly 

and the way they are used are important.  Ceramics can be 

excellent electrical insulators, although many ceramics also 

tend to be adsorptive and some are even porous; certain hot metal 

surfaces can be catalytically active and adsorptive.  A HFID 

insert assembly used in our laboratory studies is shown by sketch 

in Figure 28.  The design of this detector insert assembly 

incorporates a sleeve guide for concentrically aligning the 

flexible fused silica OTC which terminates at a precise location 

near the flame-tip aperture.  This design also preheats the 

auxiliary gas and the hydrogen prior to mixing with the OTC 

effluent near the HFID aperture.  The final positioning of the 

stainless steel alignment guide and the fused silica OTC is 

detailed in Figure 29. 
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Figure 28. A special insert adapter assembly for an open 
tubular column in a hydrogen flame ionization 
detector. 
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When an OTC is first installed in this detector assembly, 

the fused silica OTC is passed through the flame-tip opening and 

allowed to extend beyond the upper surface of the flame-tip by 

approximately 1.5 millimeters.  The column is then conditioned 

with the OTC exit located as shown in Figure 30a.  After the OTC 

has been conditioned, the flame is ignited and the extended 

portion of the polyimide outer coating is burned away.  The 

fused silica column is then retracted to the lower position as 

shown in Figure 30b.  Notice that the conditioned fused silica 

OTC is concentrically located in this assembly through the use of 

the stainless steel sleeve guide.  During subsequent analytical 

work the OTC exit is maintained at this lower position.  This 

procedure for conditioning the column and later burning away a 

small portion of the polyimide outer coating decreases the possi- 

bility of responding substances liberated from the exit portion 

of the tubing passing into the flame and causing disturbances, 

e.g., spurious electrical transients, elevated or cyclic baseline, 

etc. 

There are several reasons for giving so much attention to 

the OTC exit location relative to its termination in the HFID. 

If the OTC exit were permitted to remain in the flame-tip orifice, 

it would continually vibrate in the high-velocity flow of sweeping 

gas.  Such an installation would probably produce varying 

pressure conditions upstream of the aperture which could affect 

GC retention behavior.  Even with an enlarged aperture, the 

continual vibration of the coated fused silica tube against the 

aperture wall would tend to degrade the polyimide outer coating 

and cause spurious transients as a result of the abrasive 

conditions. Furthermore, if the end of the OTC was lying either 

to one side of the flame-tip cavity or butted against the lower 

surface of the flame-tip as shown in Figures 31a and 31b, the 

resultant gas sweeping and instantaneous mixing action would not 

be as desired.  If residual levels of stationary phase were to 

migrate into these recesses, selective sorption and peak tailing 

could result. 
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The behavior of this OTC exit-HFID assembly has been most 

satisfactory.  At no time have distorted pure hydrocarbon solute 

zones been observed, such as those shown in Figure 24.  This 

assembly has permitted us to observe emerging recorded solute 

zones and to make assessments with respect to superimposed and 

partially disengaged solute species.  The emerging low-concentration 

solutes are well behaved and are eluted with symmetrical zone 

profiles.  In addition, transient spiking has been minimized and 

long-term noise (e.g., excessive baseline drift and cycling) has 

not been observed.  With this preconditioned flame-tip assembly, 

bleed from the column is minimized and the existing residual 

level of stationary phase bleed invariably observed during 

temperature programming to the higher temperatures is consistently 

repeatable. 
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lag in the output voltage versus time relationship.  Some GC 

profile information will be lost.  Slow electrometer response will 

affect such factors as (a) the height of a rapidly emerging 

solute zone, (b) the width of a GC peak (thereby the calculated 

Chromatographie efficiency),   (c) the resolution of adjacent 

solute zones, (d) the retention data (as the centroid of an 

emerging profile would be shifted to some later time) and, (e) 

profile  symmetry. 

The electrometer time constant can be changed in some 

recently designed Chromatographie instruments.  In some cases 

this requires a simple circuit modification to obtain approxi- 

mately a 100-millisecond time constant.  The need for fast electro- 

meters has been recognized and the instrument manufacturers are 

addressing this need. 

2.    CHROMATOGRAPH IC RECORDER REQUIREMENTS 

The device for recording the output signal is especially 

important in HRGC. This device must possess a rapid response 

time and exhibit a linear response to GC input signals.  The 

recorder response time can be determined by using a low-frequency 

signal generator and measuring the cyclic response of the device. 

The response linearity can be established with a decade step 

voltage standard. 

T/ie degree of isolation of the recorder should also be 

checked periodically.  Specifically, it is important to determine 

if the HRGC recording system is affected by stray external signals 

or fields, as this could increase the background level and even 

the quantitations associated with some Chromatographie tracings. 

A good graphic recording system should have the ability to adjust 

the gain and damping of the recorder so it is slightly under-damped, 

thereby obtaining a recording pen that is "live".  Having a "live" 

recorder pen ensures there is not lost motion or finite dead 

band occurring in the output potentiometric tracing. 
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In HRGC, the chromatographer must rely considerably upon 

the actual shape of the emerging GC solute profile.  This is a 

major diagnostic tool, particularly if the analyst wants to 

determine if he has more than one substance eluting under a 

particular Chromatographie profile. For this type of diagnostic 

investigation, the signal recording equipment must be especially 

faithful in its response.  In addition, this signal recording 

equipment should be uniform and constant in its chart advance 

rate.  The chart movement must be continuous, that is, it must 

not have an irregular, intermittent, jerky motion.  Most 

recorders contain either a synchronous drive mechanism or a rapid 

stepper motor for chart advance; however, the paper advance itself 

is the most important characteristic. 

Sprocket chart drive recorders and potentiometric 

recorders that use a belt drive tend to produce an irregular 

intermittent chart motion.  In the graphic recording of a signal 

that is evenly changing, this intermittent chart advance can be 

observed as a "stair-stepping" type of signal display.  Slow 

intermittent step recording of the signal, as opposed to the 

correct smooth recording of the voltage versus time function, 

presents severe difficulties in visibly detecting the presence 

of merged solute zones superimposed under one major emerging 

profile.  Potentiometric recorders exhibiting smooth chart 

advances, such as the friction or roller drive chart advance 

mechanisms, produce a recorded trace that assists in the dis- 

cernment of overlapping elution species. 

For accurately recording high-resolution chromatograms 

obtained using rapid separation gas Chromatographie techniques, 

advanced oscillographic recorders or digital computer techniques 

would probably be necessary for recording Chromatographie profiles. 

Oscillographic recorders now available can record extremely narrow 

signal profiles (approximately 0.5 millisecond duration) and 

produce a permanent graphic record. 
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A graphic presentation technique that may  see  renewed 

interest  is  actually using  a log-scale ordinate display  for the 

Chromatographie  signal   [114].     This method of displaying  the  raw 

Chromatographie output  signal permits  improved detection of 

trace-level  components while  it keeps  the large  solute  concentra- 

tions on-scale.     Logarithmic recording can be accomplished with 

potentiometric recorders and oscillographic recorders.     This  log- 

response  feature is  incorporated  into many digital   integrating 

devices. 

Another  interesting approach is the recording of 

chromatograms  in a circular display   [115].     The conventional 

strip chart  Cartesian coordinates need not be the only  format 

for  presenting HRGC data.     Circular  Chromatographie  tracings can 

also be generated in the log-response mode. 

One valuable technique  for  presenting KRGC data  is  pro- 

ducing a dual tracing of the same GC output  signal.     Figure  37 

shows a dual  tracing where  the  signal  is applied to both  inputs 

of  a dual channel potentiometric  recorder.     The amplification 

for one channel is adjusted  for  a  1.0 millivolt  full-scale 

representation,  while the other  channel is adjusted  for  a  100- 

millivolt  full-scale  setting.     This  permits  the  large  solute 

peaks to  be displayed on-scale on the  low-sensitivity channel, 

and  as  the  larger solute  zones are  driven off-scale  on  the 

sensitive channel,  the very  small  solute concentrations  are 

amply displayed.     Such an output   signal  recording  scheme  permits 

ready examination of  the major and  the minor constituents  of  a 

sample mixture. 

4. STORAGE   OF  CHROMATOGRAPHIC   DATA 

A powerful  and elegant method   for processing  HRGC  data  is 

recording  the  entire GC output  signal with the  use  of a  dedicated 

computer   [116-118].     Then at  some  later time,   the  particular 

Chromatographie data  are  regenerated  through  playback.     The  GC 

signals  can  then be  graphically  recorded in  any  of   several  modes. 
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With  this method,   the time base  can  be  expanded so that  a 

detailed examination can be made of  those  select regions  of  the 

chromatograms which are of high  interest.     The time base can be 

condensed  so  that  the entire  tracing  can  be  reproduced on  a 

single sheet of paper. 

Since  the raw GC data are   stored on  tape or disk,   it   is 

possible  to go back later and look at any portion of the GC 

tracing  in detail.     Through an exacting examination of each of 

the various  recorded elution profiles,   the detection of merged 

solute zones   [119-121]   should be possible.     Of course,   by having 

the  raw HRGC  data  in  storage,   numerous  computer processing  and data 

handling  techniques could be  applied  at  any time  in the   future. 

5. ANALYSIS   OF  CHROMATOGRAPH IC  DATA 

The total chromatogram as   shown in Figure 36  represented 

the output  signal  tracing  for a  sample that contained at  least 

1,154 different chemical  compounds.     The  chromatogram was 

obtained under the conditions defined  in Figure 38  and the 

solutes were  counted as they emerged,  using a hand counter. 

The presence of different  solute  zones can be observed 

by   (a)   an  individual peak cresting,    (b)   a  shoulder,   (c)   an 

inflection,   (d)   a  flattening  in  a certain region of the  profile, 

and   (e)   any distortion to the basic  Gaussian solute  concentra- 

tion.     The particular research grade  gas  Chromatograph used  for 

generating  this  HRGC chromatogram was capable of generating 

solute profiles that conformed very closely to the  ideal 

Gaussian   function. 

One  of  the major objectives  in  HRGC   is to  separate  the 

various  constituents of a mixture  so  that  accurate quantitations 

can be made  and  appropriate data obtained  for the various   solutes. 

There  are basically two procedures currently used  for measuring 

the  solute  zone  and obtaining quantitative  information on  the 

constituents  that make up the  entire   sample.     The height  of  the 

recorded  solute  zone   (commonly referred  to as peak height)   is one 

measurement  parameter and  the integrated  response   (peak  area)   is 
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1                            GAS  CHROMATOGRAPHIC   CONDITIONS                                                    1 

I         Instrument         Varian   3700 

1         Analyst               W.   Rubey 

1         Date                     Feb. 21,   1982 

1         Column: 

type and descrip 

1                  tubing material. 

tubing length  

tion             FS-1 

fused  silica 

50 _m 

|                 tubing inside di 

1         Stationary phase 

ameter          0 • 20 mm 
SP-2100  silicone 

1                 film thickness  0.05 um 

1         Carrier gas helium 

atmo 

sec-l 

1                 inlet pressure 4.2 abs 

1                  linear velocity_ 25  &   260oC cm 

1                  outlet  flow 0.75 cm3 min"^        1 

1          Detector: 

1                 type HFID 

i                 rang« 10"12   AFS 

i                 attenuation 3 

1         Detector gas flows; 

|                 hydrogen 30 cm3 rnin"^-         1 

min"^        I 

min"^        [ 

1                 air 300 cm^ 

1                 column outlet supplement          20 cm3 

1         Output signal recording: 

1                 full scale read out                 i-U mv 

1                 chart advance rate               5.0 _cra mir."             1 

t          Sample: 
I                description     hydrotreated shale  oil 

1                  solvent none 

1                 concentration in solvent          """ 

[                 injection sample size                 0.10 ul 

I                 split ratio M   to   100 

j          Temperatures: 

"                 injector 270 0C 

|                  column: 

|                       initial 25 0C 

1                        initial  hold_ 

j                        final 

20 mi.n 

nin"             1 

260 0C 

1                        program rate_ 2.0 -0C r 

B                 detector 270 0C 

Figure  38. Conditions  for complex sample chromatogram 
shown  in Figure   36, 
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the other.  Instrumentation and measurement procedures for 

determining peak area are widely used [17,122].  Although area 

measurement techniques are the most common method for obtaining 

basic guantitative data from recorded Chromatographie data, in 

certain situations peak height data are of value [94,12 3,12 4] and 

even preferred. 

With either of these two measurement procedures, it is 

apparent that the quality of the eventual data is dependent 

upon the extent of solute zone disengagement, i.e., the 

resolution that exists for the various solute zones.  The same 

situation applies to qualitative analysis.  If the solute zones 

are sufficiently separated, precise retention data can be 

obtained. 

Jet fuels, crude oils, and shale oils contain a wide 

range of organic substances and, as discussed previously, 

definitely require programmed temperature GC procedures [125] 

for separation of the numerous constituents.  The Kovats 

retention index [126] was originally developed as a standard 

method of characterizing solute retention behavior in isothermal 

GC. The Kovats index method has also been applied in programmed 

temperature GC chromatography [127] and it is now the preferred 

technique for obtaining strictly Chromatographie qualitative 

data for hydrocarbon fuels. 

The gas Chromatographie stationary phases that seem most 

appropriate for characterizing jet fuels relative to retention 

data are currently undergoing some revisions.  Specifically, 

there seems to be a trend toward the chemically bonded stationary 

phases in OTC technology.  If these chemically bonded phases 

perform as expected, the bonded equivalent dimethyl silicone, 

5% phenyl methyl silicone, 20% phenyl methyl silicone, and 50% 

phenyl methyl silicone stationary phases would seem to be the 

most acceptable for analyzing and obtaining Kovats retention 

data for hydrocarbon turbine engine fuels. 
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SECTION  IX 

TRENDS   IN  HIGH-RESOLUTION  GAS   CHROMATOGRAPHY 
AS   RELATED   TO  FUTURE ANALYSIS   OF   HYDROCARBON  FUELS 

Aviation  turbine fuels will  continue  to be analyzed  by 

chromatography in the  future and  for  such complex hydrocarbon 

mixtures  high-resolution gas chromatography will be  the major 

technique.     This  analytical  technique  is  experiencing widespread 

growth,   and  research involving various  aspects of HRGC  is quite 

active.     Certainly the most immediate problem to be addressed 

relative to  advancing the HRGC analysis  of hydrocarbon  fuels  is 

development of automated and appropriate  sample insertion 

techniques.     Fortunately,   intense research  is  ongoing in this 

particular area. 

1. GENERAL  FUTURE  TRENDS  AND  THEORETICAL  CONSIDERATIONS 

Before discussing some of the newly emerging Chromato- 

graphie procedures  that may be applied  to the analysis of hydro- 

carbon  fuels,   it would be appropriate  to consider some of  the 

recent theoretical  studies concerning  the ultimate potentials 

of various Chromatographie  separation techniques   [128-132]. 

These studies put  forth and discuss upper limits for Chromato- 

graphie efficiency and speed of  analysis.     The predictions  are 

founded upon the  physio-chemical  principles  that govern the basic 

Chromatographie  processs.     The theoretical  and practical  ranges 

of OTC gas chromatography were recently  investigated by Yang, 

et al.   [128] .     Also,   an unusual  approach to the theoretical 

limitations  of OTC performance was  recently put forth   [129] . 

The  future  pathways  for analytical  separations and various 

fundamental  approaches to resolving  solutes have recently been 

studied by Giddings   [130,131].     In  addition Guiochon   [132]   has 

conducted theoretical  studies on the ultimate  speeds of  separation 

for both gas and  liquid chromatography. 

The  limitations of noneircular cross-section OTCs have 

recently been  studied   [133,134],   and conclusions have been drawn 
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concerning  the behavior of  different geometrical   flowpaths.     The 

future of multimember  OTC  systems remains  to  be  the  subject of 

considerable discussion,   and the use of Chromatographie systems 

is definitely one  promising direction  for obtaining increased 

performance in HRGC   [135] .     Special versions of  the various 

"hyphenated methods" [136]   are also applicable  to the analysis of 

hydrocarbon fuels. 

Several newly emerging instrumental  techniques may someday 

be applied to the analysis of hydrocarbon mixtures.     OTC zone 

electrophoresis   [137]   and multiplex gas chromatography   [138] 

may find application  in separating the constituents of complex 

samples.     There  is also considerable  interest in capillary 

supercritical  fluid chromatography   [139-14 3] ,   and  several  investi- 

gations have been  reported  in this emerging  technological  area. 

2. APPLICATION  AREAS   RECEIVING  ATTENTION  WITH   RESPECT  TO 
INCREASED   ANALYTICAL  CAPABILITIES 

The Chromatographie needs  for the  industrial petrochemical 

laboratory were recently reviewed   [144] ,   as were  the problems 

and solutions  associated with commercially available Chromato- 

graphie instrumentation   [145]   and the Chromatographie needs 

involved in analyzing environmental  samples   [14 6] . 

Considerable  attention has been given  to  the development 

of an OTC  stationary  phase  that would be  suitable   for resolving 

the  four basic hydrocarbon fuel groups,   e.g.,  paraffins,  olefins, 

naphthenes,  and aromatics   [147].     Accordingly,   a  20% phenyl- 

methylsilicone OTC has evolved which efficiently handles these 

classes of compounds.     Attention  continues  to be   focused upon 

the  selectivity of chemically bonded  stationary phases,   and 

only recently thick  film   (1.0 microns)   and very thick film 

(8.0 microns)   OTCs have been prepared and evaluated   [148,149]. 

With respect  to  shale oils and coal  liquids,   improved 

procedures are being developed for analyzing the  light oil 

alkanes in shale oil   [150]   and sulfur heterocycles  in coal 
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liquids and shale oils [151] . HRGC is also being applied to 

the analysis of coal-derived liquids [152] . 

There is increased interest in being able to rapidly 

analyze for the highly volatile organic constituents in complex 

mixtures [153] .  Routine analyses for volatile components in 

such mixtures are being developed, and improved procedures are 

being employed using head-space OTC gas chromatography [154] . 

With respect to complex hydrocarbon feedstocks, current investi- 

gation involves Chromatographie subtraction techniques wherein 

certain classes of compounds are selectively subtracted from the 

complex sample matrix prior to its introduction into a HRGC 

system.  Proper use of these subtraction techniques can drama- 

tically simplify analyses, as in many cases the Chromatographie 

solutes of interest may be viewed without interfering solute 

zones. These subtraction techniques can be used with existing 

equipment and usually these procedures are relatively simple. 

However, the analyst must be continually aware that he is 

analyzing a preprocessed sample and not the total intact sample. 

The use of subtraction techniques whereby the naphthene fraction 

has been removed from a hydrocarbon fuel generally yields a much 

better behaved HRGC baseline for the region corresponding to the 
c10 to c16 hydrocarbons. 

Fractionation or preseparation techniques have been used 

to advantage with wastewater samples [155] and very complex 

organic mixtures such as polynuclear aromatic hydrocarbons. 

Chemical class separation and characterization techniques have 

recently been developed for organic compounds in synfuels [156] . 

Chromatographie preseparation procedures have also been applied 

for conventional and experimental fuels [157] .  Analytical 

techniques, where one class of compounds is subtracted from the 

entire sample and only the passable substances are transported 

on to the detection device, have been used for many years [158] . 

Other subtraction methods which simplify the fuel sample have 

been employed in subtraction gas Chromatographie techniques 

[159]. 
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There is renewed  interest  in high-efficiency preparative 

collection techniques   [160]   and  some progress  is  being made in 

this area.     There has also  been  some preparative work conducted 

with glass OTCs where many  sample  injections  are made,   but only 

a   select fraction,   or group of compounds,   is  repetitively collected 

for  subsequent analysis   [161].     It was recently  found,   with the 

bonded-phase OTCs,   that very large samples could be  injected into 

the column,  thereby permitting trace level  analyses of  some 

solutes  to be performed  in  this  highly overloaded condition   [162]. 

Analytical interest  in the various geochemical  feedstocks 

is   intense.    Accordingly,   HRGC  is  finding increased application 

in  this  area.    This  trend will  undoubtedly continue into the 

future.     Procedures  to  analyze   for pristane,   phytane,   squalane, 

and various isoprenoid  hydrocarbons in petroleum  synfuel  feed- 

stocks and organic waxes are being developed   [163-169]. 

Elucidation of geomatrices  by laser pyrolysis-gas  chromatography 

has recently been undertaken   [170],  and gas chromatographic- 

mass  spectrometric  identification has been applied to various 

geochemically significant  isoalkane hydrocarbons   [164]. 

3. GAS   CHROMATOGRAPHIC   COLUMN   RESEARCH 

Interest continues  in novel Chromatographie columns having 

different geometric  configurations.     Several  new column  forms have 

been considered  for HRGC   [171,172] ,  and one of  the major objectives 

in  these efforts has  been  to obtain columns that exhibit a flat 

H  ver£us velocity curve  at  the higher mobile phase velocities. 

In  short,   if a Chromatographie column possessed an optimum linear 

gas velocity of approximately a meter per second while  at the 

same  time  it was  still  an  efficient column,   then  it would be 

possible to generate HRGC  data  in a very short time. 

Inducing  secondary  flow in Chromatographie  columns has been 

investigated   [173,174] .     Theoretical  treatments   indicate  that 

there  is  some potential   in  this   area.     However,   in  practice  it is 

difficult to establish this  type of flow in realistic  columns, 

although several attempts  have been made.     The work carried out 
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thus far with secondary flow has used uncoated tubes. With the 
recent advent of bonded-phase OTCs, this topic warrants further 
investigation. 

The need  for higher resolution and increased column 
efficiency in HRGC  is  apparent when one  analyzes a very complex 
natural occurring organic  sample,   e.g.,   a petroleum crude  sample 
or  a  synfuel  feedstock.     Inevitably,  even with  some of  the best 
columns,   there  is a hump  in the middle of the  chromatogram where 
the baseline is elevated due to  the superposition of many 
unresolved sample constituents   [175].    As  the  efficiency and 
resolution of a particular Chromatographie  system increase, 
this baseline hump diminishes.     Work with some of  the recent 
microbore OTCs   (30  to  140  micron  inside diameter)   has shown a 
marked decrease  in  this hump;   however,   these  columns can only 
accept a very small amount of sample and they produce a  signi- 
ficant pressure drop. 

Theoretical  studies   [176]   of peak capacity  and resolution 
have attempted to answer basic questions as to whether we are 
obtaining the full  resolving power of our columns   [177].     Also, 
further studies of the working range   [178]   of HRGC columns would 
seem desirable.    Although  200  to  300 meter columns have been 
fabricated and are being used  in  some research laboratories 
[179] ,   the question remains as  to whether  a versatile multimember 
column  system might be preferable to a single column for obtaining 
the very high Chromatographie resolutions. 

With the very  long columns,   the chromatographer   should be 
aware of the crest concentration decay as  a  function of  time, 
and this topic has been addressed in Appendix A of this  report. 

g 
Also,   for very high efficiency OTCs   (n greater than 1 x 10  ) 
one must examine the   fidelity of  the analytical  signal  generation 
and recording  system.     In  short,   the detection,   amplification, 
filtration,   and readout components must provide  a faithful 
response in a system which generates the Chromatographie data 
over an extended period of time,   e.g.,   hundreds of minutes. 

95 



With respect to microbore OTCs,   this appears  to be a 
valuable  additional tool   for  the  future analysis  of  hydrocarbon 
fuels   [180,181].     With the  increased  interest in  fabricating 
microbore  capillaries,  considerable  design attention must be  given 
to intra-  and extra-column  aspects which could produce  distorted 
elution  zone profiles.    The  handling of output data  and  the 
presentation thereof will  also  require considerable  attention. 
Some of  the distortion aspects  discussed in this  report will  be 
magnified when using microbore  OTCs,     With these  columns  the  exit 
location and the temperature control  throughout the Chromatographie 
flowpath will  require careful consideration.     It may be  that  in 
the  future  special Chromatographie ovens,  chambers,   electronic 
controls,   pneumatic arrangements,  etc.   will be needed for the 
optimized performance of microbore OTCs.     Flexible fused  silica 
tubing  for the  fabrication of microbore capillaries   is commercially 
available,   and coating techniques  for  these columns  would be 
somewhat  similar to those  used  for conventional OTCs.     Here again, 
it would be desirable  for  a  research laboratory to have  its own 
facility  for preparing columns  as this dramatically increases 
capabilities with respect to  special  experimental  activities. 
This would especially be  the case if  the  laboratory's work 
involved  complex Chromatographie  systems which use a detailed 
assortment of  interdependent  isothermal,  programmed  temperature, 
and programmed pressure gas  Chromatographie modes. 

Many years ago,   it was claimed   [182]   that  if  a given 
Chromatographie  separation could  not be obtained with an  isothermal 
gas Chromatographie column,   it would  likewise not be  obtainable 
using  the various  forms of programmed  temperature  gas chromato- 
graphy.     This   statement is probably  still valid today  for any 
particular pair of solutes.     However,   for very complex mixtures 
one may  indeed want the ability  to select a wide  variety of 
different  temperature programming and pressure programming modes 
to obtain disengagement of critical  solutes.     To do  this work, 
one may also want to have  the capability of fabricating  almost 
any type  of OTC that the  task would require. 
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Conducting rapid gas Chromatographie separations places 

special demands on the Chromatographie equipment and the separa- 

tion column.  Microbore capillary columns are capable of per- 

forming very rapid separations [183,184], and in the near future 

they will probably see considerable use as integral components 

in multidimensional gas Chromatographie systems. 

Both the conventional open-tubular columns and the new 

microbore columns need special sample injection techniques, but 

most emphatically there would be a tremendous need for fast 

electrometers and signal recording equipment [185].  Recently, 

this general topic of obtaining fast analytical separations in 

gas chromatography [131,186] was considered by several authors 

from a practical standpoint and with respect to the various 

theoretical considerations. 

4.     COLUMN INSTALLATION REQUIREMENTS IN FUTURE HIGH- 
RESOLUTION GC SYSTEMS 

The installation of HRGC columns needs increased attention. 

For example, problems have been reported with the breakage of 

fused silica OTCs when mounted on metal cages [187].  There have 

also been several reports of thermal nonuniformities associated 

with some HRGC column installations and apparently the undesirable 

consequences are most pronounced in the programmed temperature 

gas Chromatographie mode [188].  Difficulties have also been 

reported with various elastic tubing ferrules. At elevated 

temperatures some polymeric organic tubing ferrules tend to 

gradually emit volatile degradation compounds, and after being 

trapped in the column interior they become contaminants in 

subsequent programmed temperature GC analyses [189]. 

Increased efforts are addressing the minimization of 

"ghost peaks" and associated types of contamination which can 

arise from the pneumatic section of the gas Chromatographie 

instrument, the sample insertion region, and other system 

components which can introduce over a period of time condensible 
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substances that produce "false solutes" in the high-resolution 

chromatogram [190].  Careful consideration must be given to the 

selection of the diaphragm material used in pressure regulators 

and in flow controllers.  The conditioning and cleaning of the 

sample insertion device is also important to obtaining 
contaminant-free HRGC data. 

It is possible for some contaminants and ghost peaks to 

have their origin in the stationary phase of the open tubular 

column.  The stationary phase can be stressed and damaged by 

thermal oxidation which can occur via improper filtration or 

purification of the carrier gas.  Excessive column oven tempera- 

ture can likewise degrade the stationary phase of an OTC.  If 

numerous inappropriate samples are admitted to a column, reactions 

will inevitably occur and damage the stationary phase.  These 

types of stationary phase degradation can be observed as cyclic 

baselines, increased column bleed levels, or spurious solutes 

occurring in chromatograms, particularly in the programmed 

temperature GC mode.  Stationary phase damage can be avoided 

through proper installation of the column, careful conditioning 

of the OTC, and attention to proper Chromatographie practice 

[1911. 

In the past, gas Chromatographie column ovens were 

designed to fulfill a number of different requirements, and in 

doing so, designers made numerous compromises with respect to 

precise temperature control and the uniform distribution of 

turbulent air [192].  To obtain the maximum performance with 

fused silica OTCs and microbore capillaries, it may be necessary 

to reexamine the design of versatile HRGC column ovens; 

some recent attempts have been made at improving the thermal 

distribution properties in gas Chromatographie ovens [193] . 

Uniform thermal control throughout a HRGC oven may be 

complicated by recent advances, wherein cold traps were used at 

the column inlet region [194-196] .  These cryogenic trapping 

procedures have been most effective in condensing and localizing 

an injected sample.  However, the control of spent coolant may 
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present a  problem in monitoring a  homogeneous  thermal  environ- 

ment  throughout the GC oven  interior. 

Even though liquid nitrogen   (-1960C)   and low-temperature 

carbon dioxide are used routinely as coolants,   the  temperature 

of  the trapped region  of the GC column can be  raised to high 

temperatures   (up  to  300oC)   very quickly by special  heating 

devices and electrical  heating circuits   [197,198]. 

5. QUALITATIVE  ANALYSIS   AND  SPECIAL   INSTRUMENTATION  FOR 
EFFLUENT   DETECTION 

The most popular current analytical technique  for the 

qualitative analysis of organic compound mixtures  is  gas 

chromatography-mass  spectrometry   (GC-MS) .     In the  last ten years 

this coupled analytical technique has been developed  to a high 

level,   and  it is being used extensively  in identifying  individual 

organic compounds contained  in complex matrices   [199] . 

Several procedures have been developed  for dynamically 

coupling a gas Chromatograph and a mass   spectrometer   [200-202]. 

Considerable study has been given  to the effect upon Chromato- 

graphie performance when the column outlet is  at very low 

pressure   [203-205].     The performance of wide-bore OTCs of 

short length can be affected by  installations  in a GC-MS mode 

where  the outlet is under vacuum conditions.     However,  by proper 

matching of the  dimensions  of the  OTC to  the  application,   such 

installations can be  highly  satisfactory. 

The  theoretical  limitations of GC-MS have been discussed 

with respect to qualitative  analysis,  and indeed GC-MS  is an 

especially powerful  +-001  for  identifying organic  substances in 

complex mixtures   [206].     Recently a multidimensional  gas 

Chromatographie   system that  can be  coupled to  a mass   spectro- 

meter    was  referred to as  the most powerful combination of 

analytical  instrumentation  ever devised  for  separation and 

identification of  individual  components  of complex mixtures. 

Some of the detection modes   in GC-MS technology can be extremely 
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sensitive.  For example, single ion monitoring of select 

fragments can permit the detection of picogram quantities of 

some solutes. 

Other hyphenated techniques [136] which involve gas 

chromatography are receiving considerable attention with respect 

to analyzing complex organic mixtures.  Stopped-flow GC-IR 

analysis has been introduced [207] and high interest is being 

given to the full development of GC-FTIR instrumentation [208-211]. 

At the present, an OTC-HFID can sense a hydrocarbon solute 

at approximately the 0.02 nanogram level, while a selective ECD 

may be able to sense a certain halogenated solute down to the 

0.0005 nanogram region.  Also, we are currently limited to 

approximately a 50 to 500 nq input of single solute, and in view 

of this relatively low sample capacity of OTCs, the only practi- 

cal way of increasing the working range of present HRGC systems 

is to increase the sensitivity of the detection device.  Accord- 

ingly, there is a continuing need for well-behaved detectors of 

greater sensitivity. However, even very high detector sensiti- 

vity will not compensate for solute transport shortcomings or 

residual adsorptivity in gas flowpaths. 

Several new detectors have been introduced [212-214].  A 

new thermionic ionization detector and a catalytic flame ioniza- 

tion detector were recently demonstrated [212].  Two dedicated 

mass spectrometric GC detectors are now available and these 

detectors are essentially specially designed mass spectrometers 

(MS).  Both of these MS detection instruments can monitor emerging 

solute zones that are not chromatographically separated from other 

solutes.  They can be adjusted to respond to selected fragment 

ions and the analyst can preselect the detection instrument for 

any certain mass fragment that is to be monitored.  In this 

manner, analytic data can be obtained for certain solutes 

without obtaining complete Chromatographie separation.  Apparently, 

these special MS detectors have sensitivities comparable to the 

HFID [213,214]. 
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When considering a new detector for HRGC, the response time 

and the effective interior volume of the device are of crucial 

importance.  Some of the more recent detectors require a 

reaction to take place prior to sensing the effluent.  Other 

devices, such as the bead sensing detectors, require the occur- 

rence of surface reactions.  As some of these detection devices 

have inlet and exit passageways relative to the active region of 

the detector, they may not be adequate for advanced HRGC or rapid 

separation gas chromatography (RSGC), as the dead volumes and 

long response times [215] could adversely affect the recorded GC 

output resolution.  The newly introduced MS detection devices 

have yet to be evaluated with respect to effective internal 

volume and response time. 

6.     MULTIDIMENSIONAL GAS CHROMATOGRAPHY 

Much that has been discussed thus far with respect to gas 

Chromatographie instrumentation trends has dealt with relatively 

fundamental approaches to obtaining increased analytical per- 

formance.  The systems to be discussed hereafter are of much 

higher complexity, yet they have tremendous potential for 

separating and analyzing complex mixtures of organic compounds, 

e.g., hydrocarbon fuels.  Essentially these systems have 

resulted from a systems approach to chemical analysis instrumen- 

tation, and in the future, considerable attention will be given 

to the design and use of analytical systems for solving 

detailed chemical analysis problems. 

The new term "hyphenated methods", which is applied to 

the chemical instrumentation systems approach, involves more 

than just chromatography.  Practically every type of chemical 

analysis instrument has been coupled with other instrumentation 

to obtain new data or to enhance simultaneous analytical 

information.  With respect to chromatography, it is becoming 

increasingly clear that the chromatographs of the future will 

indeed be multicomponent Chromatographie systems.  Already 
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we are  seeing these  systems  appear in  different  research  labora- 
tories.     However,   only  a  few basic units  are  presently  commer- 
cially available. 

For complex hydrocarbon fuels  probably  the most powerful 
technique  for chromatographically  separating  and analyzing  the 
various constituents  is  to be  found in  a  system for multi- 
dimensional   gas  chromatography   (MDGC).     Most of the  presently 
contemplated MDGC  systems would  fall  into one of two classes . 
The  first class  involves both series  and parallel column arrange- 
ments   in which  a  sample  is  injected and  transported  through  the 
column  system using only unidirectional  gas   flow.    Although  this 
class  of MDGC  systems would  contain  a wide  variety of column 
members,   stationary  phases,   assorted  temperature-versus-time 
profiles,   and different gas  velocities,   there  is no  trapping of 
solutes or  reversing the direction of  gas   flow.     This class  of 
MDGC  systems  has  been with us  since  the  early  days  of  gas 
chromatography. 

The  second class  of MDGC  systems  also  involves multimember 
column arrangements;   however,  with this  class  there  is  extensive 
flow  switching and even bidirectional  gas   flow through  system 
members.     Fraction collection followed  by  subsequent Chromato- 
graphie  processing  is  used extensively   in  this  class  as  are 
multiple column ovens  and special  thermally  controlled  zones 
throughout  the  gas  Chromatographie  flowpath   [216].     This  second 
class of MDGC  systems   is of most  interest,   and hereafter  that 
class  will  be  the   focus  of our discussion. 

Basically,   MDGC  systems  involve   injecting a complex  sample 
into  one  gas  Chromatographie   column and  then  selectively  taking 
fractions of that  partially  separated  sample  and passing the 
collected   fraction  through a  different  Chromatographie  column. 
The  second Chromatographie column would have  different  retentive 
properties;   thus   solute  zones that would  not be  separated by 
the  first Chromatographie column would  be  more highly  resolved by 
the second column.     This  is  a very powerful  technique,   since 
there  can be   far more  than two columns   in  an MDGC system. 
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There  has  been   some confusion with  respect  to  the   term 
multidimensional   chromatography.     For  example,   two-dimensional 
chromatography  has been applied  in both  paper and  thin-layer 
chromatography   for several years   [218,219]   and there  has  been 
some objection  to using the  term multidimensional merely  by 
employing an additional elution column with  a different  Chromato- 
graphie  stationary phase. 

Multidimensional  systems  are being contemplated  for both 
gas chromatography and liquid chromatography.     Part of the 
rationale behind the   interest  in these  systems stems   from the 
opinion that  the upper  limit of  performance of today's  conven- 
tional  columns   is being approached   [217] .     Therefore,   to maximize 
the capabilities of existing column technology,  this  can be 
accomplished by   incorporating the  modern  separation  columns  into 
multimember Chromatographie  systems. 

The  information content that can  be obtained  from an MDGC 
system has been   studied  [220]   and  indeed  the possibilities  for 
separating solutes are enormous.     Other  proposed methods   for 
obtaining very  high efficiencies or the   separation of difficult 
solute pairs have been to use recycle chromatography   [221]   or, 
a new conceptualized procedure known as  boxcar chromatography 
[222].     Theoretically,   these  two processes can produce very high 
separation efficiencies   (n  = 10^  to  10') .     However,   these 
Chromatographie  processes are in  the planning and early  research 
stage,   and both have  some difficulties   to overcome before  they 
can be  put  into routine practice   for separating complex  volatile 
organic mixtures.     The progress  made  using MDGC is  considerable, 
and the  future  capabilities with  these   instrumentation  systems 
are most  intriguing   [223].     It should be  recognized  that  an MDGC 
system can  also  be coupled  to a mass  spectrometer or  the  new 
tandem mass  spectrometric  instrumentation  systems.     Conceptually 
MDGC  can be coupled  in-line with  FTIR  instrumentation systems 
and many of  the  other  hyphenated methods  of  instrumental  chemical 
analysis. 
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The theoretical potentials for multidimensional chromato- 

graphy have been studied [224] and the technology associated with 

MDGC has been reviewed [225,226].  The extra-column effects in 

MDGC have been assessed [227], and the effects of pressure and 

temperature upon solute behavior in coupled column systems have 

been investigated [228,229],  Several studies have been presented 

which used coupled two-column MDGC systems [230-232].  Also, a 

theoretical investigation was presented [233] which examined the 

effects of polarity change in a capillary MDGC system.  A paper 

recently presented discussed some of the requirements to convert 

a conventional gas Chromatographie system to a MDGC system [234]. 

Work has also been conducted with MDGC systems which incorporate 

the use of intermediate trapping [235] and a two-dimensional 

capillary system which did not use intermediate trapping [236]. 

Some very interesting recent work [237,233] has involved MDGC 

systems which emphasize the use of two separate ovens with 

different temperature versus time histories for obtaining 

Chromatographie separations.  Practically every MDGC system of 

the second class will use the technique known as "heart cutting" 

for selectively capturing and then reinserting a certain fraction 

of a complex sample.  Several procedures used for heart cutting 

have been the subject of considerable research [239-242]. 

Recently, the quantitative aspects of MDGC were investigated 

[243], and the ability to convert existing Chromatographie 

equipment to a high-resolution MDGC system [244] is most 

encouraging. 

One "hyphenated method" that falls under the definition 

of multidimensional chromatography is a dynamically coupled 

liquid Chromatograph and gas Chromatograph [245-248],  Such a 

coupled system has advantageous analytical features for complex 

organics such as jet fuel, petroleum, shale oil,, etc. Another 

mode of operation that also falls under the classification of 

MDGC is the use of a common injector for two or more OTCs that 

would be arranged in parallel, and each of these columns could 

then go to a different detector, in most cases detectors having 
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different selectivities.  This is an easy technique for simul- 

taneously obtaining, with one sample injection, an assortment 

of Chromatographie retentive properties and different detection 

selectivities.  A similar procedure is to use a single column 

going to multiple dissimilar detectors, and there has been some 

work in this area [249] . 

MDGC of the second class requires gas stream switching, 

and Dean's valve-free switching method has been the most popular 

procedure for changing the direction of gas flow.  There is 

renewed interest in using mechanical rotary valves in MDGC and 

development activities have aimed at obtaining an extremely 

low-volume, high-temperature valve that can be used in recycle 

applications [250-252] .  Gas stream switching has also been 

applied to backflush procedures [253], and there is interest in 

using fluidic switching in MDGC systems [254].  Better control 

over flow and pressure in gas flowpaths is also being achieved 

[255].  It has been realized that for MDGC systems to function 

properly, considerable attention must be given to the various 

coupling devices, tube fittings, junctions, tubing ferrule 

compositions, and any possible region of the gas flowpath which 

might be adsorptive or poorly swept with carrier gas [256]. 

One intent of a MDGC system is to conduct trace analyses. 

With the capability of such systems to concentrate selective 

fractions, this is a valid instrumental approach to conducting 

organic trace analyses.  However, special attention must be given 

to quantitative sample transport [257] .  To conduct trace analyses, 

the MDGC system would have to have excellent thermal and pneumatic 

control and the output data be reproducible and as free from 

signal noise as possible.  Accordingly, within the MDGC system 

special attention would have to be given to the purification of 

the carrier gases and each of the different gas supplies that 

feed into in-line traps, switching devices, and the many different 

detectors. 
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Already MDGC  has  been  used in many practical  analytical 

applications   [258],   and  it  is  encouraging  to   see  that  several 

of  the  Chromatographie   instrument manufacturers  are  now interested 

in  supplying hardware   for  conducting MDGC analyses.     There  is 

a  large arsenal  of  gas  Chromatographie detection devices,   and 

as   new  selective  and  more  sensitive  GC  detectors   are   introduced, 

this will  expand  the  capabilities  of  MDGC  even  more.     For 

example,   trace  level  determinations of pesticide  residues were 

recently conducted with a MDGC  system that used a  flame photo- 

metric detector   [259] .      Various  DVD devices   should  also  find con- 

siderable application   in a     MDGC  system designed   for  fuel analysis, 

as  it  responds  selectively  to  aromatic  compounds   [260]   and can 

provide other diagnostic  information.     With  respect  to  shale  oil 

analysis,   a  simple   form of  a  MDGC  system was  used   for analyzing 

some  of  the n-heterocyclics   found in  shale oil   [261].     Similar 

systems have  also been  used   for determining  alcohols  in gasoline 

blends   [262]   and  the   analysis of volatile  substances  contained 

in a  high-boiling  solvent   [263] . 

From a practical  standpoint,   a MDGC  system  should be 

tailored  for one general  type  of sample.     Such  instrumentation 

systems are  ideally  suited  for hydrocarbon  fuels,   as differences 

between  fuel  samples  are not  great.     In  fact,   it  is  easy to 

visualize one particular MDGC  procedure   for  analyzing JP-4   jet 

fuels   (typically containing  C4   to C^-y  hydrocarbons)   and then  a 

slightly different MDGC  system configuration   for  crude  oil,   shale 

oil,   and other complex  organic mixtures   (encompassing  C4  through 

C34   hydrocarbons). 

7. FUTURE   PROCESSING  AND   TREATMENT  OF  HIGH-RESOLUTION  GAS 
CHROMATOGRAPHIC   DATA 

One primary objective  of chromatography  is  to obtain 

adequate  isolation of  mixture  constituents  so   that  an  instrumental 

chemical assessment  can  be  made  of  the  individual   solutes. 

Present methods  for   increasing  solute resolution  in  gas chromato- 

graphy  involve either   increasing the  efficiency of  the  separation 
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column or improving selectivity [264,265] through the use of 

different stationary phases.  Once these two routes have been 

thoroughly  invoked and there is still insufficient Chromatographie 

disengagement, other procedures must be applied to assess the 

analytical information in the Chromatographie record. 

Even with extremely high efficiency separation columns, 

there will be many instances where merged solute zones will be 

exiting from the Chromatographie flowpath.  In these cases it is 

important that the HRGC system be capable of faithfully describ- 

ing the intracolumn Chromatographie elution.  Once such a pre- 

cise analog signal has been generated, it is then possible to 

perform resolution enhancement techniques, solute zone decon- 

volution procedures, and for well-behaved instrumental systems it is 

theoretically possible to determine the number and relative 

concentrations of individual solutes that would be encompassed 

within a multicomponent elution profile.  If these multicomponent 

elution profiles are highly distorted by nonchromatographic 

instrumental factors, it would be practically impossible to 

retrieve the valuable analytical information contained in the 

Chromatographie output signal.  With the use of special selective 

detection devices, mass spectrometric techniques, and other 

multiple peak recognition procedures [266,267] the detection of 

fused solutes can in principle be accomplished.  However, some 

of these special detection devices introduce nonlinearities and 

can contribute to elution zone profile distortion to the extent 

that they may not be suitable for the rapidly eluting solutes 

encountered in HRGC.  Even with the considerable advances 

underway in the field of HRGC, a major area of future activity 

will be the assessment and interpretation of Chromatographie 

data where individual solute zones are only partially resolved 

one from the other.  Consequently, the sample handling, solute 

transport, and output signal processing procedures are of 

extreme importance, and special consideration with respect to 

crucial Chromatographie components will still be required in 

the HRGC systems of the future. 
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There has been some success using derivative techniques 

whereby the first, second, third, and higher derivatives of the 

time-based output signal have been applied for obtaining diag- 

nostic and quantitative information.  In certain instances these 

techniques will permit the analyst to determine if there is 

more than one species in an elution profile.  However, in many 

cases these procedures will not permit an accurate measurement 

of the concentration of the individual solutes, nor will they 

determine if there are more than two solutes within a composite 

profile. Also, when using unfiltered derivative circuits, the 

signal-to-noise ratio diminishes as the order of differentiation 

increases.  Even so, for special cases where the Chromatographie 

resolution cannot be readily improved, analytical techniques 

can be undertaken using a series of higher order derivative 

procedures.  These can be applied especially in multiple peak 

recognition studies [63,268-271] . 

In Section VIII of this report, the chromatogram of a 

very complex sample was presented as Figure 36.  To place the 

entire Chromatographie output signal tracing on one sheet of 

letter-size paper it was necessary to subdivide the chromato- 

gram into nine different parts.  By observing very closely the 

output signal as the chromatogram was being generated, this 

complex sample was found to contain more than 1,100 different 

chemical compounds.  Figure 36 illustrates very clearly one of 

the more important topics relative to the future handling of 

HRGC data.  Clearly there is a vast amount of analytical and 

sample specific information contained in these voltage-versus- 

time plots, i.e., chromatograms.  Until now, practically all 

HRGC chromatograms have been presented in conventional Cartesian 

coordinates.  We are now faced with the challenge of obtaining 

effective but convenient ways of presenting highly complex raw 

analytical data.  Specifically, we are faced with the task of 

placing the maximum amount of HRGC data onto an 8 1/2" by 11" 

sheet of paper, thus the maximum utilization of a planar surface. 
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Today there are numerous data-handling systems that can 

process in numerical tabular form the Chromatographie output 

data [272] .  With currently available data-handling equipment 

we are able to store Chromatographie data either within the 

computer or externally on magnetic tape.  This information can 

readily be placed in archival storage, and at any future time 

the data can be reconstructed in a variety of different formats, 

most of which can be transferred onto hard copy.  In many cases 

with the existing Chromatographie computer systems, the data 

acquisition rate and the size of the dot matrices of the cathode 

ray tube limit the optical quality of the data that can eventually 

be displayed and transcribed to hard copy. 

Some very interesting work has been conducted whereby 

chromatograms were displayed in circular coordinates [273] to 

visually distinguish subtle differences between chromatographed 

samples.  There are several variations of the circular presen- 

tation of data that can be used for presenting HRGC data.  For 

example, data can be displayed using a nonlinear logarithmic 

ordinate, as such data presentations are of value when there is 

interest in trace level components.  For increased use of 

plotting area, the ordinate can also be directed inwards as 

opposed to projecting outwards from the center of the circular 

plot.  Another format in which computer reconstructed HRGC data 

can be displayed is to have one large circular profile (possibly 

with logarthmic display) for the entire chromatogram and then 

to present each of the Kovats indices centenary representations 

as smaller circular coordinate plots.  For example, all of the 

solutes eluting between n-heptane and n-octane would include all 

of the species having Kovats indices in the 700's.  In this 

manner, on one sheet of paper the analyst could display in log- 

circular profile the major high-resolution chromatogram and with 

a whole series of smaller circular profiles present each of the 

Kovats centenary plottings of data (see Figure 39) . 

Such information should be quite valuable with respect to visual 

pattern recognition.  These data can be presented in any of 
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Figure   39.     One  possible  display  format  for  complex 
hydrocarbon mixtures. 
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several modes, e.g., linear circular display, log-circular 

plotting, and log-difference circular displays.  Bear in mind 

that this is but one general method of presenting Chromato- 

graphie data.  There are, of course, many other methods of 

graphically displaying complex analytical data and these should 

be pursued with the objective of maximizing information content 

relative to display area. 

In the future, we will undoubtedly see improved data 

handling treatments for these very complex HRGC chromatograms. 

The treatment of fused solute profiles will probably be handled 

by data systems which are specially programmed for deconvoluting 

multiple solute zones while at the same time performing signal 

enhancement procedures.  Indeed, these data handling treatments 

are probably beyond realistic description at the present time. 

The information content in a HRGC chromatogram is vast. 

Information theory [274] and the various chemometric procedures 

for processing data [275-276] hold great promise for deciphering 

this information and maximizing the analytical return from these 

highly complex voltage-versus-time functions.  Statistical 

studies [277] of the resolution needed for separating components 

in HRGC indicate that although very high-efficiency columns 

are needed, procedures for changing Chromatographie selectivity 

and the elution behavior of solutes are important.  The processing 

of HRGC data using computer-enhanced high-resolution procedures 

in conjunction with pattern recognition techniques can provide 

an enormous amount of information concerning multicomponent 

organic mixtures [278] . 

The application of chemometrics to the analysis of 

hydrocarbon fuels would seem to have considerable application, 

particularly with respect to isolating and measuring those 

crucial compounds and chemical variables which influence the 

various quality aspects of hydrocarbon fuels.  Chemometrics, 

in conjunction with a special dedicated HRGC system,would seem 

to be an ideal investigative mechanism for studying and monitoring 

important minor fuel constituents, changes in fuel composition, 
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subtle long-term reactions, and other chemical aspects that can 

have a pronounced effect upon the quality of hydrocarbon fuels. 

With respect to the future analysis of complex organic 

mixtures, e.g., hydrocarbon fuels,  one can visualize a specially 

designed and dedicated multidimensional HRGC system that uses a 

variety of high performance columns along with numerous different 

detection devices and has access to advanced mass spectrometric 

instrumentation.  This HRGC facility will have computer routines 

for deconvoluting fused solutes and performing chemometric 

procedures on the resultant data. 
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SECTION   X 

DISCUSSION   AND  RECOMMENDATIONS 

Several guidelines and reconunendations can be  set  forth to 

advance  the analytical  capability  for analyzing  turbine  engine 

fuels and  their various   precursors.     While  many  of  these  recom- 

mendations  are  straightforward and can be  applied  in  any  analytical 

laboratory  that  is   involved with  complex organic     mixtures,   some 

are  quite  specific with respect  to the analysis  of  jet  fuel,   crude 

oil,   shale oil,   liquified  coal,   and other  geochemical  feedstocks. 

These  guidelines and recommendations are  as  follows: 

(1) Any practice whereby the  complexity of  the  sample 
can be  simplified   is of  merit  in chromatography, 
Preparative separations  and classifications can 
simplify the  subsequent  Chromatographie  separa- 
tion of a  highly  complex organic mixture; 
although,   this practice   tends to affect  the  total 
accuracy of the analysis,  as invariably there 
seems  to  be  some  loss of  constituents  during 
preseparation  processing. 

(2) To obtain  the  maximum resolution and  also 
generate precise  qualitative gas  Chromatographie 
data,   the  system must not be overloaded. 
Therefore,   it  is  necessary that only a  small 
amount of  total  sample  be admitted to  the 
open tubular   separation  column. 

(3) It is necessary to  have   extremely clean carrier 
gases  to perform trace   level analyses  while 
avoiding misleading   (false)   GC  information,   e.g., 
ghost peaks,   signal noise,   baseline distur- 
bances,   and improper digitization.     The 
upstream components must be  specially   selected 
so that they  do not contribute  trace   level 
organics  to the  resultant analysis.     The  clean- 
liness of  the  entire GC   system should  be 
routinely  tested  through the use of analytical 
blanks. 

(4) For a  laboratory  that  is  engaged  in  state-of- 
the-technology KRGC,   some consideration  should 
be  given  to establishing  its own  capability  for 
preparing  special  open   tubular columns,   e.g., 
microbore  OTCs,   columns  with different  film 
thicknesses,   and  special  stationary-phase  columns. 
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(5) Within any HRGC system, considerable attention 
should be given to the thermal control of various 
components, such as the injector, the detector, 
and their respective connectors.  Thermal gradients 
must be avoided in the vicinity of the separation 
column.  Also, there should not be any cyclic 
heating and cooling associated with the separa- 
tion column. 

(6) Hydrogen carrier gas is definitely recommended 
for narrow-bore OTCs.  This carrier gas is 
advantageous both in programmed temperature GC 
operation and in performing rapid separation gas 
chromatography.  However, definite precautions 
must be taken to insure that hydrogen gas cannot 
inadvertently or accidently be admitted to the 
hot GC oven. 

(7) Each important component in the Chromatographie 
flowpath should be studied and optimized utilizing 
a systems approach so that concentration zone 
profile symmetry is maintained throughout. 
Attention should be given to (a) the detector 
configuration and its associated adapters, (b) 
a protective screen or perforated lid on the 
detector exit, (c) examination of the various 
exponential decay time constants that may be 
encountered with both the gas flowpath and the 
instrument electronics, and (d) optimization of the 
overall system response behavior, 

(8) The many benefits of multidimensional gas 
chromatography (MDGC) are definitely recommended 
for a laboratory that is involved with analyzing 
complex organic mixtures.  Although MDGC is more 
involved with respect to hardware and electronics, 
its benefits far outweigh the increase in com- 
plexity presented by the equipment.  For a labora- 
tory that works with relatively similar samples 
MDGC has much to offer.  Time normalization 
procedures can be utilized with such a system, as 
can pressure programming techniques.  Specially 
dedicated MDGC instrumentation systems can be 
assembled for conducting ultra high-resolution gas 
Chromatographie separations, 

(9) It is recommended that further work be conducted 
in establishing different operational mechanisms 
for disengaging solute zones.  This would involve 
the investigation of different temperature pro- 
gramming rates in conjunction with different carrier 
gas velocities and their effects upon solute 
resolution. 
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(10) Effluent splitters  can  be used advantageously  in 
some  installations  involving dissimilar detectors . 
However,   effluent  splitters can detract   from the 
maximum available  Chromatographie  resolution. 

(11) A I'RGC system that  is capable of producing 
symmetrical elution  zone  profiles  and  low  noise 
output signals which can be sampled at  a  rapid 
rate,   e.g.,   greater than  10  Hz,   is  highly 
amenable to the  development of resolution 
enhancement techniques  and  solute  zone  deconvo- 
lution procedures.     With a suitably  sized computer,, 
such digitized data are  ideally  suited   for  sophis- 
ticated chemometric  studies,   and thus,   a high 
level of the  total   information content  can be 
extracted. 

(12) It  is recommended  that  consideration be  given  to 
enhanced methods   for displaying the abundant 
information that  is  contained in the HRGC  readout. 
Improved procedures   for   formatting chromatograms 
are needed. 

In Volume II of this report, there are additional recom- 
mendations and d'.scussions with respect to the sample insertion 
process   for HRGC. 
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ABBREVIATIONS AND SYMBOLS 

ABBREVIATIONS 

AFS — Amperes full scale 
ECD — electron capture detector 
EMG — exponentially modified Gaussian 
FS — full scale 
FTIR — Fourier transform infrared 
GC — gas chromatography 
GC-FTIR  — gas chromatography-Fourier transform infrared 
GC-IR — gas chromatography-infrared 
GC-MS -- gas chromatography-mass spectrometry 
KECD — Kail electrocoulometric conductivity detector 
HFID -- hydrogen flame ionization detector 
KPLC — high performance liquid chromatography 
HRGC — high resolution gas chromatography 
ID — inside diameter 
ITGC — isothermal gas chromatography 
JP-4 — a certain classification of jet fuel 
MDGC — multidimensional gas chromatography 
MS — mass spectrometer 
OD — outside diameter 
PID — photoionization detector 
PN — part number 
PTGC — programmed temperature gas chromatography 
TSD — thermionic specific detector 
RSGC — rapid separation gas chromatography 
UVD — ultraviolet detector 
V7C0T — wall coated open tubular 
cm — centimeter 
erf(x) — error function of x 
in — inches 
In — natural logarithm 
log — logarithm 
m — meters 
min — minutes 
mm — millimeters 
ms — milliseconds 
mv — millivolts 
ng — nanograms 
ppm — parts per million 
sec — seconds 
ys — microseconds 
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SYMBOL 

A — area 

A —  constant  in  Equation A18 

A- —  area of  j   compound 

A —  asymmetry 

B •— asymmetry term, Figure 16 

B, — asymmetry terra, Figure 16 

B, — asymmetry term, Figure 16 

B — specific permeability 

BC — asymmetry term. Figure 16 

C — concentration 

Ce — concentration at exit 

C- — concentration at input 

C0 — concentration at zero; at crest 

C — concentration in sphere 

Cz — concentration at location z 

CjL(t) — input concentration as a function of time 
0C — degree Celsius 

Dq — gaseous diffusion coefficient 

Dj^ — liquid diffusion coefficient 

D — denotes distortion 

E — exponential type profile 

F — asymmetry te'tm. Figure 16 

F — volume flow rate, Equation A13 

F — constant volume flow rate 

F, — asymmetry term. Figure 16 

F^ — asymmetry term, Figure 16 

G -- Gaussian profile 

GI — asymmetry term. Figure 16 

H — height equivalent to a theoretical plate 

H — experimentally determined H 
u 
j — asymmetry term. Figure 16 

H 
10 — asymmetry term. Figure 16 
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AH — heat of vaporization 

H(t) —  a response  function 

H(C) — a convolution term 

Hv(t) —  a Hermite polynomial 

I| —  Kovats  index 

K — constant of integration 

L —  column  length 

C —  Laplace  transform symbol 

Np — number of effective theoretical plates 

R —  ramp profile;   gas constant 

R^j —  resolution  for i and  j   compounds 

T —  temperature 

T0 —  initial  temperature 

TR —  retention temperature 

Vs -- column dead space 

Vs — volume of sphere 

W — mass  flow rate 

a — coefficient in Gram-Charlier  series n 
a0 —  zeroth coefficient 

c —  asymmetry term,  Figure  16 

c, —  a constant 

cn — general constant 

df — film thickness 

dp — particle diameter 

f^ — function one 

f2 — function two 

fe(t) — excitation function 

f (t) — profile terms 

fr(t) — response function 

f (t) — resultant output profile 

f]_(C) — a convolution term 

g(t) — a time-delay function 

h — asymmetry term, Figure 16 

h(t) — resultant time-delay description 

i — compound i 
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j — compound j 

jm — j solute in mobile phase 

j3 — j solute in stationary phase 

k — partition ratio 

k^ — partition ratio for j compound 

km — reciprocal of mixing chamber time constant 

k — time-constant reciprocal 

m^ — zeroth moment o 
m-, — first moment 

in — nth statistical moment n 
mi,q — first moment for inert compound 

irin -- nth central moment 

nuj — second central moment for j compound 

n — moment number 

n — number of theoretical plates 

n — number of things or items 

n^ — theoretical plates for j solute 

np — number of theoretical plates 

p — pressure 

p. — inlet pressure 

p0 — outlet pressure 

q — partition ratio plus one 

r — constant rate of temperature increase; terms 

s — Laplace transform term 

t — time 

t — time a 

t. — time b 

tj — time j 

t — time of mobile phase displacement 

tg — time zero 

tr — retention time 

ts — tz divided by tm 
t — time corresponding to z location 

tr,i — retention time of i compound 

tr/j — retention time of j compound 
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ta — time of profile mode 

tg — time of profile median 

ty — time of profile mean 
tY/CT — time of inert profile mean 

^Yfj — time of j profile mean 

u — macroscopic linear gas velocity 

U-L — inlet velocity 

u0 — outlet velocity 

v — axial fluid velocity 

v0 — axial fluid velocity, average outlet 

w — weight of solute 

we — weight of solute at exit 

w^ — width of half height 

w- — weight of solute at input, width of i profile 

Wj — weight of j solute 

w0 — weight of solute at time zero 

x — a Cartesian axis 

y — a Cartesian axis 

z — distance axis along the column 

zc — distance of centroid along the column 

r — asymmetry term. Figure 16 

a — relative retention 

Y — a constant 

6(t) — delta  function term 

j;(s) — Laplace  tranform terra 

C(t) — distribution profile 

n —  fluid viscosity 

X — a constant 

A(t) — variable  in Gram-Charlier  series 

Cn - values  of  5 
IT — usual  geometrical  constant 

p — gas  density 

a. — time-based standard deviation 

a^ — variance 
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a^   ^ —  j  compound  standard deviation 

4) —  Equation B31 

^(t) — Gaussian probability  function 

SUBSCRIPTS 

e — exit 

g — denotes non-retained species 

i — inlet, input 

o — outlet 

s — sphere 
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APPENDIX A 

CHARACTERIZATION   OF  SOLUTE  ZONE MIGRATION 

The axial motion of  solute zones and the variations  in 

maximum concentration are  important in high-resolution gas 

chromatography.     An understanding of these dynamic conditions is 

necessary when considering new and different OTC gas chromatography 

separation and analysis modes.     In this appendix solute  zone 

motion is discussed,  and behavior of the maximum concentration 

of  a solute zone during  isothermal migration is described. 

1. SOLUTE   ZONE AXIAL MOTION   IN   ISOTHERMAL AND  PROGRAMMED- 
TEMPERATURE OPEN  TUBULAR COLUMNS 

In the present forms of narrow-bore OTC gas chromatography, 

the mobile phase experiences only laminar flow.     However,   this 

simplistic characterization of mobile phase  flow requires 

elaboration.     It has been correctly stated that in gas-liquid 

chromatography molecular  interactions are continually taking 

place between the gas,   the liquid,  and the solid phases.     Even 

so,   for these flowpaths the longitudinal motion of the macroscopic 

mobile phase remains in the fluid domain between molecular flow 

and turbulent flow,   that is,  in the laminar flow region. 

For the case of an isothermal and uniform gas Chromatographie 

column,   the mass flow rate through the column can be described by 

Darcy's  law.     Specifically, 

w    =    pU    =       --^_   ^     , (Al) 

where W is the mass  flow rate,   p   is the gas density,  u  is the 

macroscopic  linear gas velocity,   B0 is the  specific permeability, 

n is the fluid viscosity,   p is the  internal column pressure,  and 

z   is the distance from the  inlet along the  axis of  the  column. 

In  this case,  the entire  column  length experiences the  same 

isothermal temperature.     This includes the extremities  of the 
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column, specifically the injector and detector tenninations.  The 

GC column is uniform throughout its length with respect to tubing 

internal diameter, partition ratio, and cross-sectional proper- 

ties.  Consequently, from Boyle's law for ideal gases, and the 

knowledge that W is constant along the column length, 

pu = piui  = p0u0  , CA2i 

where the subscripts i and o designate inlet and outlet, 

respectively.  Thus, for an isothermal and uniform GC column 

witn constant inlet and outlet pressures, 

dz = ( - —^r-   I dp  , (A3) 
nPouo 

and, upon integrating according to 

I       np0u0 I 
Jo J p^ 

p dp / (A4) 

it is seen that distance and the various pressures are related 

as 

Bo / Pi - P2 

2  = -, l^T-1    ■ 

This equation can also be written to express the behavior when 

z equals L, which represents the entire column length.  That is. 

L = Bo {A-^o 
n \ ^o o 

is: 



Combining Equations A5 and A6 permits expressing a zone's 

position along the column as a ratio of column length; specifi- 

cally, 

JL - ih-~ p 
L 

Pi  PQ 

(A7) 

Upon,  rev/riting Equation A7  as 

2 2z/22\ ,„. 
P     =   Pi -T     Pi - Po      ^ (A8) 

and  since 

{A9) 

then relative values of column pressure and linear gas-phase 

velocity can be  expressed  respectively as 

-t-[<-H^- 2 

Po 

1 
IT 

(A10) 

and 

^ = [pi - E {pi - po)] T • (AU1 

Profiles of relative pressure and relative velocity versus 

relative distance are presented in Figures A-l and A-2.  These 

graphs represent the behavior for inlet-to-outlet pressure ratios 

of 1.2, 2.0, and 4.0, respectively. 
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Figure A-l.     Graphs of relative pressure versus relative 
distance. 
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Figure A-2.  Graphs of relative velocity versus relative 
distance. 
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The time required for the centroid of an unsorbed zone of 

fluid to flow from the column inlet to a distance z along a 

homogeneous column can be written as 

jV-Tk/V?7 
^ = Ms- = ^    VPI-EK-PO   

dz -     'A12> 

and the elapsed time for the mobile phase to traverse the entire 

column length is 

t - r** - 2 /pj - i\ L 
Jo \Pi " 1J    0 

p   =  1.       (A13) 
^o 

Therefore, the migration distance of an unsorbed solute zone 

can be described implicitly by 

t      ^ 

., 2 
3 

pi-Kpi-1)]   if 1    .    (A14) 
S      t 3    . 

m Pi " 1 

In the discussion thus far, we have been concerned only 

with the behavior of isothermal GC columns which are dimensionally 

uniform throughout their length and subjected only to constant 

pressure drop conditions.  It is assumed that such columns would 

exhibit constant permeabilities throughout their length.  Thus, 

for this type of column, the time versus distance relationship 

of an unretained zone can be represented by Equation A12. 

However, a more useful description of this relationship for both 

sorbed and unsorbed zones can be written as 

,z=L 

t.   = ^L™     I   JP: - Ifp! - P!)   äZ   e ms) 
1 Po n;   J  ypI-r(pI-Po) 
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where tj   is the elution time of the jth solute zone,  kj   is its 

partition ratio, while 

and,  upon integration. 

q    =     1  +  k.      , (A16) 

^ 

2Lq 
3prturt o o 

{*i - p;) 
p - Po) 

(A17) 

For unsorbed substances the partition ratio is zero.  Therefore, 

it is seen that for unsorbed compounds. Equation A15 is equiva- 

lent to Equation Al3. For a component zone that experiences a 

degree of retardation by this type of column, there will be a 

corresponding q value, specifically, a positive constant greater 

than unity.  Practical values of q usually range between 1.5 and 

75. 

Programmed temperature gas chromatography (PTGC) is a well 

established GC mode and is of tremendous value, particularly for 

analyses of complicated and multicomponent samples with a wide 

volatility range. There are several different procedures for 

changing the column temperature in PTGC, such as step increases, 

continuous and discontinuous programming of temperature, linear 

and nonlinear temperature versus time profiles, etc,  PTGC has 

several inherently beneficial operational features, not the least 

of which is its ability to trap and then appropriately release 

solute zones at the inlet of the column. 

There are also numerous techniques for heating selected 

portions of a column while maintaining other regions at fixed 

temperatures.  In fact, most isothermal gas Chromatographie 

(ITGC) analyses are performed with the injection region (i.e., 

the inlet portion of the tubing or column) at a higher tempera- 

ture than the main part of the separation column.  Similarly, the 

outlet region of the column, i.e., that portion attached to the 

detector inlet assembly, is often at an elevated temperature. 
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Other techniques reported in the literature describe 

installations where the temperature varies along the column. 

The studies by Verguand et al. [279] are of particular interest. 

These investigators have even studied the dual variation whereby 

the column oven temperature experiences a programmed increase, 

while at the same time a substantial thermal gradient exists 

along the column axis. 

The description of the longitudinal motion of zones can be 

very complicated for these nonisothermal column situations.  This 

complexity can be attributed primarily to the varying thermal 

circumstances encountered by zones during their passage through 

the column.  One can appreciate the level of this complication 

by realizing the difficulties in adequately describing the 

behavior for the most common of the PTGC techniques, specifically, 

the linear increase of temperature with respect to time. An 

equation that describes a zone's motion under this PTGC condition 

[280] is stated as 

T 
R 

r     -   ' dT ■     , (A18) i 
where r is the constant rate of temperature increase,  F is volume 
flow rate per gram of substrate,  T  is absolute temperature.   To 
and TR are the  initial and retention temperatures,   respectively. 
Also,  A is a constant related to the entropy of vaporization, 
AH is the heat of vaporization of the  solute in the  stationary 
phase,   R is the gas constant,  and Vs  is column dead  space.     It 
should be noted that the  integral  of this particular equation 
has yet to be  solved analytically.     One must resort  to numerical 
techniques  for this evaluation. 

To  summarize  these examinations of  zone motion,   it  is 
clear that precise  descriptions exist for well-defined  ITGC 
conditions.     However,  for those situations where a solute  zone 
experiences nonisothermal migration,   there are many complexities 
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associated with accurately describing zone motion/ and in view of 

these, it seems preferable to obtain the flow-dependent qualitative 

GC data by an isothermal method, when possible. 

2.    DECLINE IN A SOLUTE ZONE'S MAXIMUM CONCENTRATION DURING 
ISOTHERMAL MIGRATION THROUGH OPEN TUBULAR COLUMNS 

As a solute zone migrates through an isothermal gas 

Chromatographie open tubular column, the zone experiences an 

increase in axial dispersion.  The effect of this dispersion 

upon maximum solute concentration can be evaluated if every 

portion of the OTC exhibits a constant plate height, that is. 

_    ,. tA19) 
z H  = -^ =  H 

where H is the height equivalent to a theoretical plate, oz is 
A 

the distance-based standard deviation of the zone, and H is the 

experimentally determined H.  Then, for every point along the 

column, the variance of the migrating zone will increase directly 

with distance.* Thus, the standard deviation of the ideally 

shaped migrating solute zone (a Gaussian profile) can be written 

as 

oz  = VHZ" , (A20) 

while the concentration of such a profile is 

C2     =    —   exp 
az^2TT 

i /z - v2 21~ (A21) 

*In this description, the effects of pressure upon H have been disregarded. 
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where Cz is the instantaneous solute concentration at a distance 

z along the column, A is a quantitative factor proportional to 

the total amount of solute in the zone, and zc represents the 

location of the zone centroid along the distance axis. 

For a fixed quantity of solute, the maximum concentration 

of the zone is 

C  =  ^-—r ;   z > o , (A22) 
azV^ 

or, upon the substitution of Equation A20 

A -^ 
C:   =  ;       =  C Z     . (A23) 

\2TTHZ 

Therefore, Equation A23 describes the maximum solute concentra- 

tion of a zone as it migrates through the isothermal column. 

At any given point in time, the molecules that constitute 

a retarded solute zone are found in both the stationary phase 

and the gaseous mobile phase.  The distribution between these 

two isothermal phases is expressed by 

js 
k.  =     , (A24) 

where kj is the partition ratio for the jth solute, and jm and 

js are the quantities of this solute in the mobile and stationary 

phases respectively.  The previously mentioned A term is directly 

proportional to the sum of jm and js.  Therefore, this A value 

can be expressed as 

A = C
2
(jm + is)  , (A25) 

where c is a proportionalitv constant.  From Equations A24 and 
2 

A25, A can be written as 
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A ' CiJsl—~.—'    ' <A26) 

This latter equation permits the ready evaluation of the large 

j_ values as found with the highly retarded zones. 

The importance of Equation A23 should not be overlooked. 

This simple relationship contains important information from 

which many implications can be drawn. First, let us examine 

a typical Gaussian solute zone at some distant point along the 

column.  Figure A-3 depicts such a solute profile. If the maxi- 

mum concentration of the solute present in the column were to 

exceed the acceptable solubility limit of the liquid substrate 

or saturate the gas phase volume, this profile would be distorted 

and axially broadened to a degree.  In short, the molecules of 

this solute zone would not experience strict random migration. 

The same undesirable behavior would occur if sizable heats of 

solution or vaporization were experienced as a result of an 

excessive maximum concentration of solute. 

In Figures A-4 and A-5, zone maximum concentration is 

described with respect to relative distance along the column 

axis, where L represents the length of the column. In these 

two figures, four C0 versus distance relationships are depicted. 

These profiles represent the C0 values which would be generated 

by columns exhibiting plate heights of 0.25, 0.5, 1,0, and 2.0 mm 

values, respectively.  One of the first conclusions from viewing 

these profiles is that the inlet portion of the Chromatographie 

column experiences tremendously large C0 values, particularly 

with respect to those encountered in the remainder of the iso- 

thermal column.  It is important to realize that these same 

declining profiles are also valid (within limits) for an unseparated 

multicomponent sample.  Therefore, these concentration profiles 

are important and instructive when studying the quantitative 

acceptance of total solute. 
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This completes the description of the distance-dependent 
decline in a zone's maximum concentration.    During this discussion, 
simplifying assumptions were made which may not always be realized 
in normal GC practice.     For example,  dispersion contributions  from 
the  injector portion of the GC instrument can diminish to some 
extent the large concentrations in the inlet region of the column 
(see Figure A-5) .     In addition,   some emerging Chromatographie 
zones possess some degree of tailing,   i.e.,   a lagging of  solute 
molecules.    As mentioned in the text of this report,   this type 
of asymmetric behavior can be attributed to design  aspects of 
the GC  instrumentation  system or to adsorptive behavior  in the 
column.     Nevertheless,  with appropriate design of  instrument 
and column,  these undesirable contributions which distort solute 
zones can be greatly minimized,   if not eliminated. 
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APPENDIX B 

CHARACTERISTICS OF RECORDED SOLUTE  CONCENTRATION 
ZONES IN HIGH-RESOLUTION GAS CHROMATOGRAPHY 

The concentration profiles of emerging solute zones are of 

concern in every form of elution chromatography.  In HRGC, the 

shape of the recorded solute concentration zone is especially 

important, since in many situations it can be the limiting factor 

with respect to both the Chromatographie resolution and the 

quality of the GC analysis itself. 

This appendix addresses five topics in some detail. 

Although these are separate topics, they are related and, taken 

as a whole, they provide a basis for examining important 

characteristics of recorded solute concentration zones relative 

to HRGC. 

1.  RESULTANT CONCENTRATION ZONE PROFILES OBTAINED WITH OPEN 
TUBULAR COLUMN GAS CHROMATOGRAPHIC SYSTEMS 

The transport behavior [26,281] of a dilute gaseous zone 

that is passing through a straight and uncoated (that is, non- 

retentive) open tube of circular cross section can be described 

by 

8c   _ 9c  . n    /a2c  ,  32c  . a2ci frn 

where C  is  the concentration of  like molecules  in the  transport 
gas,   t is  time,  v represents  axial  fluid velocity,   z   is  axial 
distance,   Dq is the gaseous   intermolecular diffusion  coefficient, 
while x and y represent the mutually perpendicular Cartesian 
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coordinates.  Also, the laminar flow transport of a nonretained 

solute passing through an open tube that contains significant 

axial curvature has been described [21]. 

The dispersion of solute zones as they migrate through gas 

Chromatographie columns has been studied in depth. VanDeemter's 

early equation [282], which has seen several revisions [283], 

depicted the dispersion of a migrating solute zone in a packed 

GC column as 

2YD 
H  =  2Xd  +  2- + 

P    v 

where H is the height equivalent to a theoretical plate,   X and 
Y are constants,   d    is particle diameter,   k is the partition 
ratio,   TT  is the usual  geometrical constant relating the circum- 
ference of a circle to  its diameter,   df  is  liquid film thickness, 
and D£ is the  liquid phase iutermolecular diffusion coefficient. 

For open tubular gas Chromatographie columns,  Golay's 
fundamental equation for such behavior   [26]   is expressed as 

H    =   j^I^lWrV» ^    w ^ 
24(1 + k)2     \Dg/      3^(1 + k)2 

where r is the radius of the gas flowpath and v is average 

linear gas velocity. 

Chromatographie zone dispersion has been studied extensively 

and these descriptions (especially Equation B3) have been shown 

to be accurate for well-behaved pure solutes that are migrated 

through lengthy gas flowpaths.  However, none of the above 

descriptions takes into account any form of adsorptive behavior. 
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This connecting term presents several difficulties, as it is con- 

centration dependent and would also vary with different nodes of 

operation, e.g., the temperature versus time relationship in 

PTGC.  Even so, such a connecting function has been hypothesized 

[284] and studied [285].  One particular function used is a 

hyperbolic tangent function, and it has been included in descrip- 

tions of elution profiles for situations where there is a small 

amount of adsorptive behavior occurring within the gas-liquid 

partitioning column. 

One particularly troublesome type of recorded solute zone 

distortion is not amenable to linear system description tech- 

niques.  This type of distortion occurs when only a fraction of 

the molecules that have emerged from the ideal HRGC column are 

subjected to selective adsorptivity within the detection device 

(see Figure B-l).  In short, only a set fraction of the randomly 

dispersed emerging solute zone is subjected to this distortion. 

The remaining portion of the molecules (i.e., those following the 

adsorption-free flowpath) would be sensed without being subjected 

to this distortion source.  Consequently, this is one form of 

nonlinear system behavior, in that there are two separate flowpaths 

after emergence from the Chromatographie column, one that is 

distortion-free and the other possessing selective adsorptivity. 

Fortunately, this particular type of tailing phenomenon can often 

be described provided the ratios of the two flowpaths are known. 

One of the major problems associated with residual levels 

of adsorptivity in a column is that the apex of the eluting profile 

will shift in time, and the extent of this event displacement is 

dependent upon many Chromatographie variables.  Also, the fixed 

time-width integrated response of a solute zone can vary if 

adsorptivity is significant, and this is detrimental to HRGC 

quantitative analysis. 

With early gas Chromatographie systems, precolumn dead 

volumes were known to produce large profile distortions, loss of 

GC resolution, and considerable solute zone tailing.  These 
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Figure B-l.  Behavior of fractionated flows in a faulty 
effluent device. 
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precolumn factors were so dominant that post-column dead volumes, 

unswept recesses, time delays, etc. were largely ignored.  This 

has been especially the case for isothermal gas chromatography 

where the technique and practice associated with inserting the 

sample into the Chromatographie system are critical.  However, 

with recent dramatically improved sample insertion techniques* 

that involve special solute focusing procedures, it is now 

possible to insert complex multi-component samples into a HRGC 

instrument and expect negligible adverse affects associated with 

the sample insertion process.  Of course, these techniques 

involve various forms of the programmed temperature mode of HRGC. 

For a Chromatographie system that contains an adsorption- 

free HRGC column, along with appropriate sample introduction and 

intracolumn transport procedures, the characterization of emerging 

solute zone profiles reduces to the convolution of a Gaussian 

function (i.e., dispersion produced by unbiased intracolumn zone 

spreading processes) and an assortment of exponential decay 

contributions. These delay functions can individually be 

attributed to: 

a) diffusion in unswept recesses, 

b) mixing chamber effects, 

c) time-lag and dispersion associated with the 
transport of molecules from the OTC exit to the 
active region of the detector, 

d) surface adsorption phenomena both within transfer 
lines and upon detector interior components, 

e) signal amplification time-constant effects, 

f) electrical signal filtration, and 

g) subtle tine delays associated with the final 
recording of the amplified output signal. 

*As seen in Volume II, there are sample insertion procedures that can 
eventually deposit the sample as a narrow and well-behaved random distribution. 
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A high-resolution gas  Chromatograph can be  considered and 

studied as  a classical  linear  system,   that is,   as  a mathematically 

linear  system.     Specifically,   the  separation column and  each of 

the additional  individual  zone  spreading mechanisms   (e.g.,   time 

delay contributors)   can be viewed as  acting independently. 

Therefore,   each of these contributions  to total  recorded  zone 

dispersion  is  statistically  independent.*    Once  a  sample  has  been 

properly  admitted  to an  idealized OTC  by an appropriate  injection 

process  that precedes  a programmed temperature gas  chromatography 

procedure,   then all subsequent dispersion processes upstream of 

the column exit can be viewed as  random.     Also any time-delay 

processes  occurring downstream of  the  column exit are  essentially 

of an exponential decaying nature.     In  short,   if  the magnitude 

of  the  Gaussian  function and  the  details of each of  the  various 

independent exponential  decay   functions  are known,   then via 

convolution of  the  involved contributing terms,   i.e.,   fi(t) 

through  fn(t),   the resultant output profile,   f   (t) ,   can be 

expressed  as 

f^Ct)     =     f1(t)   *  f2(t)   * *  fn(t)   . CB5) 

For  every HRGC system there wil?.  be  finite  amounts  of pro- 

file  distortion contributed by each of  the many  transport, 

detection,   amplification,   and  signal-recording processes.     If, 

through  analysis,   contributor  isolation,   and Chromatographie 

system design,   we are  able  to  effectively reduce  the  exponential 

decay  to  a   single contributor,   this would simplify considerably 

the profile  characterization of  effluent  zones.     For  the 

situation where one of  the  individual   exponential  decay  terms 

is  dominant  to  the point that  the  remaining contributors   are 

negligible,   then  in  this  case  the  single dominant  function can 

*Surface adsorption associated with  certain transport processes may not be 
statistically independent.     However,   through  appropriate design and 
selection of materials,   this  type of nonlinear behavior can be  reduced to 
insignificance. 
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be convoluted with the column generated Gaussian profile  to 

give a  realistic characterization of  the  recorded output  zone 

distribution.     If,  however,   there are two or more exponential 

decay  functions  that are significant,   then it is necessary  to 

obtain a resultant profile  function that  includes each of  these 

exponential decay terms.     This  case  is discussed in Part 4  of this 

appendix   (see page 143).  Fortunately,   it  is usually possible, 

through available design options,   to reduce the attendant  resi- 

dual  level  of exponential decaying behavior associated with a 

special HRGC assembly to a  single contributor.     Then,   the  single 

descriptive exponential  function that corresponds  to this  contri- 

bution can be convoluted with the Gaussian profile that repre- 

sents  the  respective Chromatographie column dispersion. 

2.      DESCRIPTION  OF MIXING CHAMBER BEHAVIOR 

An individual exponential decay contribution can be examined 

in a manner  analogous to  studying  the  transport behavior associated 

with a  spherical mixing chamber  such as  shown in Figure B-2.     A 

mass balance  for the transport of  a solute* through such a mixing 

chamber  can be written as 

M) - im.- m • 

where w is the weight of the solute, and t is time.  Subscripts 

s, i, and e represent the sphere, the input, and the exit, 

respectively.  The solute concentration C within the spherical 

mixing chamber, of volume Vs, can be expressed as 

C  = -^- , (B7) 

♦Weight of solute is extremely small compared to the mass of flowing 
gaseous carrier. 
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Figure B-2.     Croas-sectional view of typical spherical mixing 
chamber. 
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and therefore,   the constant volume  flow rate of carrier gas,   Fc, 

through the chamber  is 

Fc     =    -f • (B8) 

Equation B6 can now be rewritten in terms of instantaneous 

concentrations as 

Vs(§) = Pc<Ci - V ' «91 

or 

|£. = 4s- (ci " ce> • <BIO) 
S 

Thus, if we assign 

F 
km = IT ' (Bll) 

s 

where km is  the  reciprocal of the time constant for the mixing 

chamber,   then  from Equation BIO,   the basic differential equation 

that relates the various concentrations   is 

IF + kmCe    =     kmCi   ' (Bl2) 

where both Ce and C^  are  functions of  time. 

Gas-phase  equilibration occurs  almost  instantaneously  in 

a miniaturized mixing chamber   (see  scale of device shown in 

Figure B-2) .     This  extremely  fast equilibration can be attributed 

to two  factors  acting in concert,   a.id  these are   (1)   the  flow 
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induced mixing  that  is associated with fluid  flow in a very small 

spherical chamber   (interior surfaces have  high  curvature),   and 

(2)  the very rapid diffusion of hot gases.     Therefore,  as a 

result of this  rapid gas-phase equilibration,   the following 

assumption can be  made: 

C     H    Cs     =     Ce   . {B13) 

Thus,  Equation B12  can be rewritten simply as 

ll+ V    -    Vi   ■ (BUI 

For cases where Cj^ continues to vary as a function of time, 

and where the assumption expressed by Equation B13 is still 

valid, the solute effluent concentration can be expressed as 

(-k t) /k C.   exp(k t)dt  + K exp(-k t)   , (B15) m/mim rm C    =    exp 

and this relationship applies regardless  of the  functional  form 

of C.(t).     However,  when Ci is  zero,   as  is  the  case immediately 

following the  application of a Diriac  delta input pulse,   that 

is, 

5(t-to)     =    0   , t  ^  ^ 
tb }    fi (BIS) 

6(t-to)dt    =    1   , ta <  t0  < tb 

then we see that the expression for effluent concentration, i.e.. 

Equation B15 reduces to 
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C = K exp(-kmt) , (B17) 

and since at this same equilibrated initial condition 

C = 

we can then write 

w. 

=    co   ' 
t=o 

(B18) 

C     = C0 exp(-kmt) (B19) 

This equation is  readily recognized as the  same  fundamental 

equation often encountered in chemical  reaction studies   (i.e., 

the Arrhenius  equation)   and in work with electrical circuits 

(e.g.,  the behavior of a series resistance—capacitance network). 

However,  of far more  importance is the cognizance that Equation 

B19  also describes   the residence time distribution for those 

gaseous solute molecules which entered the particular spherical 

mixing chamber under time-invariant or  fixed-flow conditions. 

Expanding on this point,   it is important to recognize that the 

output response  resulting from a unit impulse   (or more precisely 

a delta function input, Equation B16)   applied to an individual 

system member describes  the residence  time  distribution contri- 

buted by that particular  system member.     This can be expressed 

mathematically as 

6 (t)   *  H(t) 
■/_ 

H(C)<S(t-5)d?     =      H(t)    , (B20) 

where H(t) is a time-based response function, 
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3.      OUTPUT  RESPONSE   FOR A SINGLE EXPONENTIAL  DECAY  CONTRIBUTOR 
AND AM  IDEALIZED  HIGH-RESOLUTION  GAS   CHROMATOGRAPHIC  COLUMN 

As stated earlier,   the  impulse response  for a miniaturized 

spherical mixing chamber was   found to be 

f1(t)     =    c1 exp(-kmt)   , t  > 0   , CB21) 

and  indeed this  is   the  response that would be obtained from a 

Diriac delta  function  input.     This response  function can be 

normalized by setting 

c,     =    k 1 m (B22) 

and then 

f1(t)     =     km exp(-krat)   , t   > 0   , (B23) 

If,   however,   the  input pulse was  in the  form of  a normalized 

Gaussian function   (e.g.,   Equation B4)   written here as 

f2(t) 
/IF a, 

exp 
(t-t  )  I_ 

2a: 
(B24) 

then, the basic expression relating these convolved functions 

would be 

h(t) (C)f2(t-C)dC , (B25) 

In view of  the  commutative property of the convolution 
integral,   that is. 
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f, (t)    *   f0(t)       5      f,{t)    *   f, (t)    , (B26) 

it is also possible to express h(t)   as 

h(t) 
■/ 

f2CC)f1(t-5)d?   , CB27) 

where now 

f.Ct-C)    =    km exp  [-km(t-C)]   , (B28) 

and 

f2(?)    = 
/nr 

exp 
(C-tY) 

2a t    . 

CB2 9) 

Thus,   the basic convolution integral for these combined profiles 

is 

h{t)     = exp 
(C-tJ 

2a: 
exp -km(t-a dZ   .      (B30) 

If we now let 

C  - 
$     = 

t    - k a' y        m t 

/2 a^ 
{B31) 

then 

d<t>    _ 1 
cU • 2 a. 

(B32) 
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and 

dC  = /Tat  d(J) (B33) 

Also, from Equation B31 we can write 

£  =  ^/T * + t + kmat (B34) 

and upon  rearrangement and substitution,   Equation B30  ca^  'je 

rewritten as 

2 t - t    - k o' Y m  t 

/2 

h(t) = 
m 

/F 

[u2   2 
.2       Vt -$     + —^— my m : d(J., (B35) 

t   - t   - k or 
Y        m  t 

m 
h(t) = —~exp 

/2 a. 

vt-v exp(-(t.i')d$f      (B36) 

—00 

It has been shown   [286]   that 

oc 

exp(-t   )dt    =    —=— CB37) 

Therefore, as the error function, erf(x), is defined as 

x 

erf(x)  = — / exp(-t2)dt , (B38) 

and as 
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X 

/?  J 
*r Of 

exp(-t^)dt = = - f exp(-t )dt 

-2- f expi~t*)dt , 

we can also write 

(B39) 

if » nr 

_2 exp(-t^)dt = 1 + erf(x) . (B40) 

Thus, by expressing the integral of Equation B36 in terms of 

the error function, that same equation can be rewritten as follows; 

h(t) = m 1 + erf 
rrr1)- Vt 

/2 
exp m t - km(t - tv) (B41) 

Recently/ a very useful semi-empirical equation [287] was 

introduced which closely approximates the error function. 

Specifically, this error function approximation, 

(2|x|2) - 1 1 + erf(x)  = 
2/? Ixl  explx 

"J }     x < -4 

erf(x) 1-2 exp 
Knx 

x  + K 
+ 1 

-1 

-4 < x < 6 

where 

!rf(x) s x - eXp(-x2) .  x>6 

xv T 

/I 

■ , (342) 

x = (B43) 

exhibits especially good agreement over a broad application range 

when Kn = -15 and Kjj = -7.  In practical cases^Equation 42 can be 

used, thus avoiding the necessity of mathematical tables [288] 

and interpolation for obtaining solutions involving error functions, 
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By incorporating the Equation B42 empirical error function 

expressions. Equation B41 can be rewritten as 

h(t)  = -|L^i + erf (x) ] exp M t  " ^(t - tj 2      mv    Y 
(B44) 

Thus, Equation B44 represents the output response* where a 

single exponential decay contribution is acting upon the effluent 

from an idealized HRGC column. 

For a linear system which contains just one exponential 

decay contributor, the following differential equation will 

apply: 

d[fr(t)]     r T 
dt J +kn[fr(t) ' fe^]  = 0' (B45) 

where fr(t)   is the response function or  signal output,  kn  is  the 
reciprocal of the time-constant for the exponential decaying 
contribution,  and fe(t)  is the input,  which theoretically can be 
any real excitation function.     From Equation B45 it is apparent 
that the crests and cols of the response function will occur 
when 

dff-it)! 
L^t   -*      =     0   ;     0   <  t < »  . (B46) 

Therefore, for input functions that have a single maxima, it is 

seen from Equation B45 and B46, that 

fr(t)  =  fe(t) . (B47) 

Thus,   the crest value of  the output response  (i.e.,   the convoluted 

resultant)   will  fall on the trailing portion of the  input function. 

*It can be shown from the above equation that profile area does not change 
with the various independent time constants.    However,  time of crest occur- 
rence,   zone variance,  profile maximum height,   and elution profile are 
dependent upon skewing factors. 

182 



Again, this descriptive condition applies only for a linear 

system that incorporates a single exponential decay contributor, 

and will not be applicable if more than one such contributor is 

present within the system. 

4.  CONVOLUTION OF TOO OR MORE INDEPENDENT EXPONENTIAL DECAY 
CONTRIBUTIONS 

The response profile for a single miniaturized mixing 

chamber has been described in the previous discussion.  Attention 

is now focused upon the resultant behavior of two separate 

exponential decay contributors which act in series and possess 

negligible differences in internal pressure.  In this particular 

case, these time-delay functions exhibit different decay time 

constants. 

Let the two separate time-delay functions be described by 

the following equations 

f (t)  = c1  exp{-)c1t) ,    t I 0  , (B48) 

g(t)  = c2 exp(-k2t) ,    t ^0, (B49) 

where f(t) represents the isolated first contribution, g(t) is 

the corresponding profile for the second contribution, c is a 

constant related to the initial effects of a given contribution, 

and k is the reciprocal of the time constant for the particular 

delay process (subscripts 1 and 2 denote the respective time 

delay contributor).  These two functions can be convolved to 

obtain the resultant time-delay description h(t), expressed 

here as 

h(t)  =  f(t) * g(t) , (B50) 
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or, stated in terms of the convolution integral 

f(C)g(t-C)dC . (B51) 

Therefore, from Equations B48 and B49, 

00 

h(t, . / 

c. exp(-k1t) * C2 exp(-k2t)  = 

00 

c1c2 /  exp(-k;LC)expl-k2t - (-k2C)] d^ ,     (B52) 

and by rearranging in terms of positive time 

'5=o 

c1c2 exp(-k2t) 

^=t 

c1c2 exp(-k2t)  /   expU(k2-k1)JdC = 

k2 
tnq— [exp(k2t - ^t) - ij , 

it is  seen that the resultant time-delay  function can be 
expressed as 

c,c 

(B53) 

h(t)  =  k ^ 
2
k  rexp(-k1t) - exp(-k2t)l .       (B54) 

The curves and conditions presented in Figure B-3 depict 

one set of the three different time-delay functions that have 

now been described.  Specifically, Figure B-3a is the response 

curve corresponding to the first time-delay process.  Figure B-3b 

depicts the response profile associated with the second contri- 

bution, and Figure B-3c represents the resultant function, or 

convolution, of the two previous profiles. 
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Figure B-3.     Three different time-delay functions, 
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Upon further examination of Equation B54 by setting 

d|h(t)l 
L
dt 

J  =  0 , (B55) 

we find 

k1 exp(-k1t)  = k2 exp(-k2t) , (B56) 

and therefore with the conditions as stated in Figure B-3, h{t) 

is maximized as shown in Figure B-4 at 

t =  t   = 139 milliseconds, (B57) 

However, the median time, tg, occurs when 

f  B h(t)dt 
JQ     1 
~Z.  = T ' (B58) 
/  h{t)dt 
•'o 

or, in this case when 

t  = tg =  246 ms (B59) 

and by evaluating the occurrence in time of the first ordinary 

statistical moment of this h(t) profile, that is. 

£ t[h(t>] dt 
m1  = ^^ , (B60) 

f    h(t)dt 
-'o 

we find that the centroid of this skewed or asymmetrical function 

occurs when 

t  =  tY  = n^ =  300 ms . (B61) 
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As can be seen from Equation B54 and Figures B-3c and B-4, 

the convolutions of two or more significant exponential decay 

contributors produce a function with an apex that occurs at a time 

much greater than zero.  Also, the convolution of two or more 

exponential decay contributors will produce a profile with more 

extended tailing and a later ty  occurrence. 

Several interesting aspects are revealed upon further 

analysis of the pair of functions represented by Equations 348 

and 349.  For example, the maximum resultant time delay will 

occur when k, equals k-.  Conversely, as the difference between 

k^ and k, increases, it is seen that to and ty approach the 

corresponding time values of the exponential decay function 

described by the smaller k value. 

The single most important consequence resulting from this 

particular analysis is that if two or more significant exponential 

decay terms are present within a Gaussian excited linear process, 

then the resultant output profile cannot be described by a simple 

exponentially modified Gaussian (EMG) profile.  In general, the 

distribution resulting from the convolution of a Gaussian term 

and two or more exponential decay functions will be more delayed 

in time and more highly skewed.  This observation has considerable 

relevance with respect to advanced work in both high-resolution 

gas chromatography [175,180,183] and the various modes of rapid 

separation chromatography [132,186,268,289]. 

5.  CHARACTERIZATION OF EMERGING SOLUTE ZONE PROFILES 

For certain multistage linear processes [290-292] including 

high-resolution gas chromatography [45], it is common to see the 

individual variances of independent contributors added together 

and thereby obtain a total variance expression for the overall 

process.  This frequent practice provides only part of the 

desired information, for even though each contributor is 

statistically independent, the actual functional distribution 

of each contribution is of immense importance.  Summing each 
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of the independent variances can indeed obtain the resultant 

variance for the process [293]; however the shape of the final 

output profile will not be known unless the individual profiles 

are also known.  During evaluation of the disturbing forces or 

dispersion associated with a particular linear process this fact 

is often not taken into consideration. Only in those cases 

where each of the contributing factors is of a strictly random 

nature, i.e., a Gaussian distribution, would the system output 

also be of Gaussian profile. Such a process is rare as some 

of the individual factors that affect transport behavior and most 

of the analog signal handling terms are of a time-delay nature, 

and these are essentially exponential decaying profiles which would, 

of course, skew a symmetrical input function. 

Earlier the characterization of an emerging Gaussian profile 

was presented, and a Gaussian profile that had been skewed by 

a single exponential modifying contributor was likewise described. 

The effects of two individual exponential decaying contributors 

were also investigated.  Furthernore, elution profiles that are 

composed of a Gaussian major constituent and several other known 

contributors, some of which may be of an exponential decay nature, 

can be described using convolution procedures.  In addition, 

these elution profiles can be thoroughly characterized through 

their statistical moments [294]. 

For a single modal population distribution, e.g., a pure 

solute's elution zone profile [63], the ordinary normalized 

statistical moments can be expressed according to 

/ 

00 

tnU(t)]dt 
m       =           / (B62) n 

/ 
[;(t)]dt 

where c(t)   represents  the  zone profile and n denotes the 

respective moment.     Therefore,   it is  seen that the  first normalized 

moment would be 
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L 
00 

tU(t)dt 

m. mo 
(B63) 

where  the non-normalized zeroth  statistical moment  is  simply 

mo =      j       [;(t)]dt • (B64) 
•'—00 

Higher statistical moments can also be taken about the mean of 

the distribution, i.e., the first statistical moment, and these 

higher order central moments, mn, can then be written as 

foo 

(t -  t  )nU(t)]dt 
— — 00 ' 
m
n    =     p       • (B65) 

/       [C(t)]dt 
•' — 00 

A full knowledge of the statistical moments for a single 

elution zone would completely characterize the concentration 

profile.     In addition,  many of the important Chromatographie 

parameters  can be computed directly from measurements of the 

various  statistical moments.     For  example,   the  zone profile 

area,   A.,   can be expressed as 

A.     =    m0     =      j       U(t)]dt     , (B66) 
J •'—oo 

and the  solute zone retention time  can be written as 

I 
00 

t[c!t)]dt 

^    =    ml    =    -^—Ä       ' {B67) 
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while  the profile's tine-based profile variance,   (a.)   ,   can be 

written as 

(at)       =    m2 
r (t - tY)^[c{t)]dt 

£ 
(B68) 

[;(t)]dt 

or, stated in terms of positive time referenced to t equals zero. 

2  ™ 
t' = m2 (a^)'= m, = •'o Jo 

t^tc(t)]dt 

Jo 
U(t)]dt 

Jo 
t(c(t)]dt 

I U(t)]dt 

2 m_-m. (B69) 

Profile skewness can be described in terms of the  third and 

lesser statistical moments,   while the description of profile 

excess,   degree of kurtosis,   or  flattening of the population 

distribution requires definitive information on mo  through m.. 

After actual measurements of  the above statistical moments 

have been extracted  from the Chromatographie output data,   the 

height equivalent to a theoretical plate,  H,   for the respective 

HRGC arrangement can then be expressed.     As by definition   [295], 

H 
d(a^ 

dz 
(B70) 

and for low-pressure drop situations where decompression affects 

[296] can be disregarded 

H = 

2-2 (atr(vr (a .'2(t): 
= L 

(m2-m1)L 

m. 

m 
= L 

m. 
-4- • (B71) 
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Likewise,   the  total number of theoretical plates,   np/ would be 

and the total number of "effective"  theoretical plates,  N_, 
for the  jth component can be written as 

(t -  t       \ (m,    .   - ra,     ) 

where the subscript g represents an inert or nonretained species. 

These same statistical moments and descriptions of gas 

Chromatographie parameters can also be written in terms of the 

Laplace transform [297] . For example, the time-based statistical 

moment function described earlier, i.e.. Equation B62, can also 

be written as 

"n =  ^i^Tkr-^f   ' 
where 

C(s) =  /  exp(-st) [c(tj] dt = CUU)}  •    (B75) 

In practice,   a recorded solute concentration profile  is 
regarded as a discrete population distribution,   and the  statistical 
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moment coefficients  and other characterization parameters are 

then obtained from digitized data.     Computation involves 

counting the average vertical  for each electronically  filtered 

standardized increment of the abscissa,   computing the  specific 

moment for each of  the narrow units   (standardized increments) 

about the central value,   appropriate summing and normalization 

followed by coefficient extraction. 

Another method for characterizing the   zone profile  is by 

using the Gram-Charlier series   [298]   which permits a  cal- 

culation of each of  the   statistical moments   through  a rapid 

conversion expansion  involving the Gaussian  term,   derivatives 

thereof,   and appropriate  coefficients  related to  a series of 

Hermite polynomials   [299].     Certain Hermite  polynomials  are 

seen as  solutions  to  the   second order differential equation 

±H       t||+ nH    =    0      . (B76) 
dt at 

where n is a nonnegative integer.  Specifically, a Hermite poly- 

nomial of degree n is defined as 

Hn(t)  =  (-l)n exp&l 
dt' 

The Gram-Charlier series can be written as 

(B77) 

c(t)     =    aX(t)   .a    dWlI^        d4U(t)]   +....    ,        (B78) 
u ^        dt"3 ^        dt^ 

where a    throuah a     are  constant expansion  coefficients and o ^       n ^ 

X( 

while 

*'  = ^(-^ /H        '     " <B79) 
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-i)n r an = {~^      I       C(t)Hn(t)dt {E80) 

Theoretically, if all a are known, C(t) is established. 
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APPENDIX C 

FABRICATION TECHNIQUES FOR OPEN TUBULAR 
GAS CHROMATOGRAPKIC COLUMNS 

There are numerous procedures for fabricating and preparing 

open tubular gas Chromatographie columns.  Some procedures are 

simple both in concept and in practice [113] while others are 

delicate and require extreme attention to detail [300-302]. 

With the exception of some of the more exotic open-channel gas 

Chromatographie columns, such as a flowpath etched into a silicone 

wafer [303], the different types of open tubular columns (OTCs) 

can be classified into three groups.  The first group consists 

of some of the earliest types of OTCs and represents probably 

the most physically robust columns.  This group consists of the 

various metallic and plastic-walled OTCs.  The second group 

encompasses the many different types of glass OTCs, while the 

third group comprises the more recently developed fused-silica 

open tubular Chromatographie columns. 

1.  OPEN TUBULAR COLUMNS PREPARED FROM METAL AND PLASTIC TUBING 

The earliest OTC work was conducted using narrow-bore 

plastic tubing [304] and long lengths of small-bore metal tubing 

[25] .  OTCs have been prepared from Tygon®, Nylon®, and Teflon® 

plastic tubings.  Of these, only Teflon is still being considered 

as a promising structural material for OTCs.  Tygon has definite 

temperature limitations, plus it exhibits continual leaching of 

plasticizer. Nylon tubing has an upper-temperature limit of 

approximately 1000C and also demonstrates significant porosity 

with respect to water vapor.  The various types of organic 

plastic tubing have limitations with respect to thermal 

elasticity, and consequently cannot be used at temperatures 

commonly experienced with metal and glass OTCs. 

Several metals have been used for fabricating OTCs.  Copper, 

nickel, gold, and aluminum tubing have been processed into 
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columns, and a considerable amount of analytical work has used 

stainless-steel walled OTCs. Several compositions of stainless 

steel have been used for obtaining high-resolution GC separations 

of hydrocarbons, and in the 1960's and early 1970's stainless 

steel was the main tubing material for use in high-resolution 

gas chromatography.  Gold, of course, is a very expensive material 

with which to construct OTCs, and it has not been used extensively 

for exactly that reason.  Copper has been used extensively; 

however, it has been demonstrated that this substance presents 

serious catalytic activities at temperatures above 150oC. 

Aluminum has been used only in a few instances as it tends to 

produce an oxide that presents serious adsorption problems. 

Nickel OTCs have received some attention, as several studies 

[305-307] have indicated that it can rival stainless steel as a 

tubing material for OTCs. 

The surface microstructure of metal tubing is quite rough, 

and this is advantageous from a stationary phase wetting stand- 

point.  However, this rough microstructure also tends to present 

problems with respect to catalytic activity and the production 

of uneven stationary phase film thicknesses. 

Metal capillaries still offer the broadest range of material 

with respect to available sizes of circular cross-section tubing. 

Another advantage of metal tubing is that, in most cases, it can 

be recoated.  Also, metal OTCs have excellent thermal properties 

and tend to even out temperature nonuniformities encountered in 

oven interiors, at the injector connection and at the column exit. 

Once a tubing material has been selected, it is necessary 

to cleanse the inner wall of processing solvents and other resi- 

due.  Plastic tubing can generally be readily cleaned with gentle 

solvents, i.e., those that do not attack the organic polymer. 

In the case of Teflon, there are studies underway to modify the 

surface for better adhesion of the stationary phase [308] .  The 

cleaning of new metal tubing can be accomplished through the use 

of a series of solvents, e.g., pentane, methylene chloride, 
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acetone,   and diethyl ether  [309].     Once  the metal  tubing has  been 

properly cleansed,   it can then be  subjected to a variety of 

deactivating procedures whereby  surfactants and deactivating 

agents   [310-312]   are coated on the  surface  interior.     In  some 

instances,   the  same  surfactants  and deactivating agents can be 

placed  in the  stationary phase coating  solution that will  be 

passed through the narrow-bore tube. 

Basically,   just two coating procedures are used  for pre- 

paring plastic or metal-walled gas Chromatographie OTCs.     The 

static  technique was used by Golay in his original work   [25] , 

and it has  since been refined by  several workers   [313-315] .     For 

metal  tubes,   there  is also a  freeze-dry  static technique which 

requires  the  low-temperature evaporation of benzene  solvent while 

under vacuum conditions   [316].     Various dynamic processes have 

also been used  for coating both plastic  and metal capillaries. 

Some of these procedures are straightforward  [317]  while others 

are highly refined   [318-320] . 

During the preparation of OTCs  it  is important that dust 

particles be kept out of the coating solution and also not be 

admitted to the bore of the narrow tube.     Particles tend to 

accumulate stationary phase which results in adverse performance. 

Also,   small particles may introduce  adsorptive sites in the  gas 

Chromatographie  flowpath.     After a column has been properly 

coated,   it  should be thermally conditioned in a flowing  inert 

carrier,   or conditioned in a static arrangement whereby vacuum 

and heat are applied simultaneously.     Once the column has been 

thoroughly conditioned and tested,   the ends should be  sealed and 

it should be  stored at room temperature. 

2.      BRIEF   DESCRIPTION  OF   TECHNIQUES   FOR  PREPARING  VARIOUS   TYPES 
OF   GLASS   OPEN  TUBULAR  COLUMNS 

Glass OTCs can be prepared  in  a wide range of lengths  and 

internal diameters.     There are numerous procedures  for preparing 
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these high-performance columns [300,301], and some of these 

preparation procedures were recently reviewed. 

Several different drawing machines can draw conventional 

glass tubing to an assortment of sizes and lengths. These 

drawing machines are designed to handle both the Pyrex®glass 

and the alkali soft-glass tubing.  Recently, a technique was 

developed for drawing flexible soft glass tubing that has a very 

narrow wall thickness and can be coated with a polymeric outer 

coating [321] .  This type of tubing may have considerable 

advantage with respect to the ability to coat or bond a range 

of stationary phases onto the tubing inner surface.  Research 

and development is also continuing in the area of preparing 

whisker-walled OTCs [27,37,322-325], 

New surface treatments and etching methods have been 

developed for changing the actual surface of a glass that is 

eventually coated with stationary phase [33,326-331].  Numerous 

deactivating techniques have also been developed for minimizing 

adsorptive effects of the glass surface [332-336] and many of 

these deactivating procedures have been developed for use with 

the silicone stationary phases which have now been produced in 

fluid, gum, bonded, or immobilized forms. 

The coating procedures for glass tubes have been refined 

to a high degree and use both the static technique and the mercury 

plug dynamic process [337-340] .  The recently developed immobi- 

lized stationary phases for glass OTCs have received considerable 

attention [341-348] and it appears that these types of phases 

will be used extensively in the future.  Along with these 

advances, there have been several new procedures [349-354] for 

sealing the filled tube prior to removing the volatile solvent. 

These sealing techniques have made it possible to increase the 

reproducibility of column preparation. 

3.  SURVEY OF FUSED SILICA OTC PREPARATION PROCEDURES 

The availability of high-quality fused silica tubing has 

permitted the fabrication of high-performance OTCs that are 
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specially durable   [30,31].     Polyimide externally coated  fused 
silica tubing  is commercially available with  inside diameters 
ranging from 25  to  400 microns.     Also,   this unprocessed tubing 
can be obtained  in practically any  length up to one kilometer. 
Larger internal  diameters of  fused  silica tubing are  somewhat 
limited,   for  as  the bore diameter  increases,   the  flexibility of 
the tubing diminishes considerably.     The widest bore  fused 
silica tubes  currently available  commercially are of approximately 
0.4 mm inside diameter. 

Open tubular columns which have been  fabricated  from  fused 
silica tubing exhibit  several distinct  advantages.     The  fused 
silica columns  do not require any end  straightening and can be 
placed directly  in  special injectors or detectors.    Also,   the 
inertness of the  fused silica surface  is  a major advantage.     In 
addition,   their  flexibility and ease of  installation are certainly 
desirable attributes. 

Several  recent  studies have evaluated  fused silica open 
tubular GC columns   [355-358]   and these  evaluations were conducted 
primarily for  assessing the behavior of  high-purity fused silica 
coated tubes with respect to their Chromatographie performance 
using a variety of different chemical  samples.    The evolution 
of this type of  OTC and its performance when compared to conventional 
glass capillaries  has been investigated  at  length. 

Due to  the  flexibility of  the polyimide protected  fused 
silica tube  and  its  ease of handling,   practically any desired 
length of open  tubular section can be  readily prepared.     However, 
considerable attention should be given  to cutting the coated 
quartz  tubing,   as  it  is important that  an even cut be made  at 
both the  injector end of the column and  at  the exit where  the OTC 
would be  installed  in a high-temperature detector   [359] .     Once 
the raw fused  silica tubing has been cut  to  length,   it can be 
deactivated by  several processes   [360,361].     One of the more 
common deactivating  techniques  involves  an  in-situ pyrolysis of 
20 M polyethylene glycol.    Another popular procedure consists of 
pyrolyzing  silicone on the fused silica  surface and then removing 
the residue with  several  solvent  flushes.     Silicone  films  and  a 
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variety of other deactivating processes using silylation agents 

have also been employed with good results. 

Fused silica tubing can be coated with stationary phase 

using the dynamic technique which employs a mercury plug; or 

they can be filled and subsequently coated using the static 

technique, as simple methods for sealing the ends of the fused 

silica capillary have recently been developed [362]. 

The desirability of producing polar fused silica OTCs has 

been expressed, and considerable progress has been made in this 

particular area [363].  There has also been considerable interest 

in obtaining highly selective liquid crystal stationary phase 

OTCs, and recently several of these columns were prepared and 

applied to the separation of polynuclear aromatic hydrocarbons. 

These particular columns have the very desirable feature of 

producing dramatically different retention properties at slightly 

different column temperatures [364], 

The application of chemical bonded stationary phases (also 

referred to as immobilized stationary phases) to fused silica 

tubing has been a major improvement in OTC technology. As the 

outer coatings of most fused silica tubes can now withstand 

approximately 3500C for long periods of time, it is possible to 

conduct a wide variety of crosslinking processes to liquid phases 

that have been deposited in these tubes. 

There are many advantages to these immobilized stationary 

phase OTCs. As the stationary phase is nonextractable, it is 

possible to chemically remove contaminants from these columns by 

passing potent solvents, such as methylene chloride, through the 

tubing to wash out or dissolve impurities.  In addition, these 

immobilized stationary phase OTCs have been shown to be usable 

to very low cryogenic temperatures (-50 to -100oC) and still 

function as a Chromatographie column.  Several workers have 

subjected these phases to liquid nitrogen temperatures without 

any mechanical failure of the gas flowpath.  In short, the 

polyimide protected tubing maintains its integrity for brief 

intervals at -1960C. 
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Research into fabricating techniques for producing bonded 

phase OTCs is ongoing [365-372] and indeed excellent results are 

being obtained from numerous procedures for crosslinking and 

surface attachment of the stationary phase.  Some of the most 

desirable aspects of the bonded phase OTCs are their excellent 

film stability and the very low phase bleed.  With the use of 

special static coating techniques and the different procedures 

for preparing bonded phase OTCs, good reproducibility is obtained 

in the OTC fabricating process [373].  Also, static coating 

techniques have been developed for coating microbore fused 

silica OTCs, and these types of columns seem to have a considerable 

future in some of the special application areas of high- 

resolution gas chromatography [374] . 

Fused silica tubing is somewhat limited with respect to 

surface treatments in that etching cannot be readily accomplished 

and certainly the growth of whiskers is not permissible with 

such thin-walled fused silica tubes.  However, chemical bonding 

of very thick stationary phase films (1.0 to S.O micron layers) 

has been accomplished with fused silica tubing. 

Chemically bonded fused silica capillary columns are 

available from a variety of column manufacturers and a wide 

variety of different size uncoated tubing is also commercially 

available. 
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